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PULSE WIDTH, FREQUENCY AND WEIGHT CONTROL 
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f 

(Received December 9, 1964)| 

I 

ABSTRACT- A tremsistor blocking oscillator gives afsoquepco of rectangular pulses 
of identical height, width and spacing. Modihod forms of sul^ transistor blocking oscillators 
uro described with a view to control pulse wklth, fmquencijr and height thereby increasing 
tho versatility of the circuit. Expressions for these quantities have been derived and con- 
firmed by experimental results. 


INTRODUCTION 

A free-running transistor blocking oscillator gives a sequence of rectangular 
pulses of identical height, width and spacing. Its versatility is greatly increased 
if these parameters can be controlled in a smooth and continuous fashion. The 
present paper considers some modifications of the basic transistor blocking oscil- 
lator circuit to meet these requirements. 

The modification described to control the pulse width includes an emitter 
follower in the feedback loop of the blocking oscillator. The technique permits 
the jn-oduction of relatively longer pulses, the width of which can be controlled 
by means of an external resistance in the emitter circuit of the oscillator. A 
theoretical relation giving the pulse width as a function of this resistance and other 
related parameters has been derived and found to be reasonably reliable as revealed 
by experimental results. An experimental circuit designed on the above ideas 
permitted a 6 : 1 variation in pulst^ width as against a 2 : 1 variation obtained with 
a simple blocking oscillator without the emitter follow'er. 

Methods devised to enable control of amplitude and frequency of the generated 
pulses Independent of each other consisted in introducing in the basic blocking oscil- 
lator circqit a biased diode and a linearising arrangement permitting a constant 
current discharge of the condenser. The height and frequency were found to have 
linear dependences upon the appropriate control voltage. Since the variations 
were linear and independent of each other, these could be used to obtain a faithful 
modulation of either amplitude or frequency. It has also been pointed out that 
the arrangemwt offers the possibility of analogue multiplication of two indepen- 
dent parameters x and y used as the two control voltages. 

Preaeot AAireas t Eleotronios aad Radar. Dev^opment Establishmaat, Bangaloro-l. 
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Linvill and Mattson (1955) were the first to give a compx'ehensive picture 
of the operation of a transistor blocking oscillator and the analysis given by them 
still remains outstanding because of its simplicity and directness of approach. 
Since the present paper follows closely the treatment given by these authors, 
it is desirable to restate first the relevant portion of the analysis in some detail. 


ANALYSIS OF TKANSISTOB BLOCKING 
OSCILLATOR BY LINVILL AND MATTSON 


For convenience in analysis, the operation of a transistor blocking oscillator 
is divided into tvo parts viz, (1) the regenerative period and (2) the ON period of 
the oscillator. tVe shall consider only the ON period in the following and 
introduce the cxiwossion for the pulse width of the basic blocking oscillator 
as given by Linvill and Mattson 

The transistor blocking oscillator is shown in Fig. 1 and its equivalent circuit 
(luring the ON period in Fig. 2. During this period, the current gain of the trau- 



TTbr 

Fig. t. The Transistor 



Blocking Oscillator. 


/OEAi. 

Fig. 2. CirouitApproximant of the Transistor 
Blocking Oxcillator during the ON Period 

lator transistor may be neglected T1 ‘'8'pacitance of the blocking oscil- 

Dj an open circuit. Referring to Fin k ^ '’^Presents a short circuit and 

switching period, the magneLng L*^ul2c ‘"’T termination of the 

rent, though the voltage V, is applied 1 ^ 11 " appreciable cur- 

The emitter current ijs obtained bv , ^ A- 

transformer turns ratio) on the sccoL^^”^* -T”® voltage VJn (where » is the 
effective resistance at the emitter poinfc*''^^h^'^ through the 
resistance, r, : base resistancTatl'^^ ’ ^.+r»(l-ao), ^here r,: emitter 

Thus we get, ® ' S^oaoded base current gain of the transistor. 


( 1 ) 

lie current entering the transformer primaiw is of c - • , 

y course The diode ouireut 
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through 2?! at the outset is given by the difference between the collector current 
(obtained as cc^i ) and the current entering the transformer and is obtained as 


H , rJ i (2) 

Tho pulse width Tj^ is the time required for this amoiijjht of current to build up in 
the magnetising inductance The build up of cirent in the inductance 
due to the constant voltage source effectively <i>nnccted across it through 
jDi, is obviously linear with time. Thus, denoting th* current by t(t), we get, 

i(t)=: (3) 


Equating (2) and (3), the pulse width is obtained as, 

T == l)2^m 

i M2[re+r4(l— ao)] * 


(4) 


It may appear from eqn. (4) that pulse width variation could be effected by 
controlling r with the help of emitter current. However, since the emitter (or 
collector) current in a switching circuit is practically controlled by the external 
load on the collector an attempt at effecting such a variation proves to be futile. 
Tho only way to vary effective r* would be to introduce additional feature in the 
basic blocking oscillator circuit shown in Fig. 1. 

MODIFIED TRANSISTOK BLOCKING OSCILLATOR 
CIRCUIT FOR PULSE WIDTH CONTROL 

The circuit consists essentially of a transistor blocking oscillator, the feed- 
back path of which includes a transistor 8^ preceding the transformer X (Fig. 3). 
The primary function of 8^, arranged in the form of an emitter follower, is to de- 
crease tho instantaneous balancing current »(*) flowing through the diode and 
the base of transistor 8^. The diode current ia is the initial switching current 
flowing tiirongh Di and the transistor /Sj— the process being the same as in the 
conventional Linvill and Mattson oscillator as described earlier. Since, however, 
the current i{t) is less and hence the time taken for balancing longer, the pulse dura- 
tion also is much longer. In the following, we deduce an expression for the dura- 
tion of the pulse thus lengthened. 

The modified blocking oscillator circuit as shown in Fig. 3 is arranged to work 
from external trigger pulses— a triggered configuration being found necessary 
for accurate measurement of pulse width. When a trigger pulse of right polarity 
arrives at the input (i.e. the cathode of the diode D,), the regenerative feedback, 
via the transistor 8, and the transformer X, switches the oscillator transistor Si 
to the ON state. At tlus point the diode Di conducts and clamps the collector 
8i to tho voltage Also since the diode D^ is short, the constant voltage source 
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Ki/?. 3. Moilifiod Transistor Blocking Oscillator (n'rcuii for Pulse Width Control. 


voltage appears uncliminished at the output, i.e., accross the primary terminals 
of the transformer X. 

Following Linvill and Mattson 1955, it is easy to show that 


, ^ . 1 

• ^ I 


... (6) 
... ( 6 ) 


where ig ; current flowing through the emitter of 

if, : current flowing through the collector of aS\, 

Eg : external resistance in serie.s with the emitter of 
Tg : emitter resistance of >S\, 

: base resistance of Si 

and Ui : low frequency grounded base current gain of 

Denoting the current flowing through the secondary of the transformer by 
ig, that ent<'riiig tho primary is obsviously n being the transformer ttims ratio. 
If the grounded emitter current gain of the transistor be denoted by the 
base current required to maintain the emitter current will be given by 
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Thus the diode current is given by 


»<t = (»« — *6) 






— “i)] p^n ) ■ 


... ( 8 ) 


Again, since tha voltage across the primary of t|^e transformer is E^, the cur- 
rent through the magnetising inductance of the j^mary will rise linearly with 
time giving 





(9) 


where ij , ; current through i,,,. 
and t : time. 

The current flowing through the base of S^, due to the magnetising current 
?/; at the emitter, is obviously . Denoting this current by i{t) we may write 

ih 

from eqn. (9) 


i(t) 




... ( 10 ) 


Proceeding after Linvill and Mattson (1965) one gets from oqns. (8) and’(10). 


T = /g ^ \ 

n[J?„-|-re-l-r6(l— ai)] \ ^ 
where r : pulse duration. 


... ( 11 ) 


Since for a junction transistor <=5s 1 
may be re-written as 


_1_ 

•//,» 


< < «! and r,,(l — a^)~0, rqns. (11) 


»(i?e-fr,) 


... ( 12 ) 


Eqn. (12) is more convenient than (4) in so far as it involves a now parameter Rf 
which can be used for controlling the duration t in a simple manner. 

MODIFIED CIRCUIT FOR PULSE REPETITION 
FREQUENCY AND HEIGHT VARIATION 

The modifloation of the original Linvill and Mattson transistor blocking 
oscillator for independent control of pulse repetition frequency and height is shown 
in Pig. 4. In this, the transistor together with the feedback transformer 
JC, oonstitutes the usual transistor blocking oscillator. The new feature introduced 
is a second transistor (of the »-p-n type ) a^oting as a constant current device. 
AlsO| exp^rsmee had shown titat the hole storage effect due to saturation is 
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negligible for Io^^■ pow(^r transistors and hence the clamping diode used for 
eliminating saturation in the collector-base region of the transistor is not 
included in the present circuit. 

During the time when the blocking oscillator is ON, condenser C charges to 
a positive value as usnal. The discharge of tliis condenser determines the time 
after which the transistor fill again becomes forward-biased and gives a second 
pulse. Usually, this discharge time or the quiescent period of the blocking oscil- 
lator is determined hy tJie leakage resistance and the bias voltage in series with 
it — the combination being shunted across 0 , In the present system, however, 
instead of this combination, the second transistor 82, as mentioned above, is so 
arranged that a constant current discharge of G takes place. 

In order to analyse Ihe performance of the present circuit, we shall consider 
separately the aspects involving pulse frequency and pid.se amplitude variation. 

(a) Pulse frequency variation : It has been pointed out that the transistor 
82 allows a constant current discharge of C. This arises out of the fact that the 
collector current of a transistor is independent of collector voltage, base bias 
being kept constant. If now the working of the combination of the blocking 
oscillator and the constant current discharge device be so arranged that the 
quiescent period of the oscillator becomes much larger than the w'idth of the 
generated pulse, then as will bo presentl}’^ shown, the repetition frequency of the 
pulses may bo made to vary linearly with the variation of the woltago Vg 
(Fig. 4). 




Pig. 4. 


Modiaed Transistor Blocking Oscillator Circuit for Pulso 
and Ampitude Control. 


Frequency 


ON o? t - ^ to which the condenser charges during the 

f the tLe taken for 
nsex to return to zero, x.e., the point where the oscillator is again tamed 
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on {actually the oscillator is turned on at a slightly negative potential) is obviously 
given by 


or, 





... (13) 


where ig : collector current of 

and T : quiecent period of the oscillator. ^ 

Again, considering the transistor /(j'j, the voltage ^eross the emitter resistance 
is given by, | 

Ve=^Vis-Vi^, ... (14) 


where Vb, : voltage drop across the base-emitter junction. 
Therefore the current in the emitter circuit is found as 

' Bb " lig 


... (15) 


Eqn. (16) ignores the effect of the emitter resistance of the transistor which is 
made much smaller than the external resi.stancc Eg. Also, denoting the grounded- 
emitter current gain of by fi, the portion of ig flowing through the base is given 

by 


ib = 


. 

r 


which in the light of eqn. (15), becomes, 




... (16) 


where ij, : current flowing through the base of 

Collector current ig is given by the difference between the emitter and the base 
currents, i.e., 




• • • 


(17) 


Combining eqns. (15), (16) and (17), 


Bj,- 


• •• 


(18) 


SubstituhUig eqn. (18) in (13), we get, 

!r« 

^~-l){Va-Vb,)' 


... (19) 
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As has boon mentioned earlier, for small pulse widths as compared with the quies- 
cent period, the frequency will be determined by T alone. Thus taking the inverse 

of eqn. (19), we get, 


r _ » (^-DiVe-Vb*) 
^ T ' 


• • « 


( 20 ) 


w]icro / : pulse repetition frequency. 

It is se(Mi from ( qn. (:3()) that, other parameters remaining constant, the pulse 
repetition fr(‘qiu‘noy i)t*eoin(\s linearly related with V tJie base voltage of the 
discharo;iiig transistor /SV 

[neidentally, it may be recalled that according to eqn. (19), a linear variation 
of T is 2)ossihle through variation in V,.. This may have use in certain special 
lickls of application. 

(h) Pulse (tnijMuilc vuriaiion : Considering the transistor blocking oscil- 
lator in Fig. 4 (shown inside the dashed enclosure), it may be seen that the ampli- 
tude of the generated pulse at the collector is equal to the supply voltage of the 
oscillator transistor iSj. Therefore, by injecting the control signal in series with 
the suppjly voltag(‘, linear i)ulse amplitude? variation could be directly obtained. 
The straightforwaid method has one drawback however. Since the voltage' to 
which the condenser C charges depends upon the Iwdght of the generated pulse, 
the quiescent 2 )eriod and lienee the repetition frequency of the oscillator also changes 
with change in supply voltage (eqns. 19 and 20) However, if an arrangement is 
made for holding the condenser voltage' constant, the simultaneous change in 
freciueney with amplitude variation may be avoided. This may be achieved 
by using a reference diode across tlio condenser, or, alternatively a biased diode 
may he used (shown within the dottc'd lines in Fig. 4). Since the cathode of the 
diode is biased positiv(‘, the diodes remains open circuit as long as the voltage 
across the condenser remains smaller than the bias voltage. However, as soon 
as the voltage across the condenser ris(‘s above the bias voltage, the diode within 
the (lotted linos becomes short circuit and clampiB the condenser to the bias supply 

voltage. Thus in eqn. (19) becomc‘s c'qual to the bias supply voltage, thereby 
ensuring a fixed p.r.f. 


K E S U L T S 


. Varmthm of PuUe Width The experimental circuit for the study 
of vaiiaiion of jiulse width is shown in Fig. 3 where the following values were used. 

n == 2 , = I 6 O/ 4 H, ^ 30 ohms and »= 27. 

th. observed Without 

1 9 K " T. ^ calculated value from eqn. (4) beaig 

1.26^ sec. {taking «=a! 1). ■ ' ^ ^ 
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(b) Pvlse loidth with emitter follower : The experimental values of r when 
the emitter follower is included are shown in Tal)l(i /. It may be seen that columns 
(3) and (4), giving the observed and calculated values as based on eqn. (12) lend 
suflScient supi^ort to the relevant theoretical deductiai:i. 

TABLE I i 

j j 

Pulse D^al i'on 

Re (Re-\-rf) r (/^Boc) 

(ohms) (olims) 

Observed |Caicula<^od 


35 

C5 

31 

1 

S' 

32.4 

45 

75 

26 

1 

? 

27 

55 

85 

24 

1 

23.8 

70 

100 

10 


20.3 

100 

1.30 

17 


15.5 

150 

180 

11 


11.3 


(ii) Variation of frequency : The experimental circuit arrangement is shown 
ill Fig. 4. The values of the various circuit parameters used arc the following : 

ji — 30, C — 0.()5//F, Pe l—A' and 1^,^ = 0.1 volt. 

Table IT gives the results of expt^rimental measurements of pulse frequency 
for the given circuit, in which the respective pulse periods are also included. The 
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..t™. of varMon i. »hown graphioally in Fig. 6 whore the aoUd line, r^ree^t 
theoretical curves with F, a. p.r«ncter and the .mall otrcle. the e.p.runent.1 
result.. It may bo “'on both from the table and the graph, that the agreement 



Kig. 0. Linear Frequency ^rodulatieii. 





Fig- 7. Variation of Pulae Tim© Pariod. 
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between the observed and the calculated values as based on eqn. (20) is very good. 
This suggests the possibility of faithful pulse frequency modulation using the 
arrangement. The expected linear frequency modulation is illustrated by the 
oscillographic records shown in Fig. 6. It is seen that the amplitude remains a 
constant during the modulation cycle thereby implyin(|[ independent variation of 
both the parameters. 

In Fig. 7 are given the theoretical lines depicting |he variation of T with 
with Fjf as a parameter. The corresponding experimental results are also given 
by small circles. Hero again the experimental resulta a|>pear to support the theo- 
retical deduction. 


TABLE II 


Vo 

(VoltB) 

(Volts) 

0 r, 

0.50 
0,75 
1. 00 
1.26 
1.50 

l.O 

0.60 

0.76 

1.00 

1.25 

1.50 

1.75 

2.00 

1 .5 

0.50 

0 76 
1.00 
1.25 
1.60 
1,76 
2,00 

2.0 

0.60 

0.75 

1.00 

1.25 

1.60 

1.75 

2.00 

2.5 

0.60 

0.75 

1.00 

1.25 

1.50 

1,75 

2,00 


Frequency f(kc/fl) 
Theoretical Experimental 


13-75 

33.8 

22.25 

22.3 

31.26 

31.2 

39.64 

39.8 

48.25 

48.0 

7.00 

7,3 

11.25 

11.3 

15 50 

15.6 

19.75 

19.5 

24.10 

24.0 

28.35 

28.0 

32.70 

32.7 

4.6 

4.5 

7.6 

7.5 

10 35 

10.0 

13.2 

13.6 

16.0 

16.0 

18.9 

19.0 

21.75 

21.5 

3.5 

3.5 

5.6 

5.6 

7.7 

7.7 

9.8 

10.0 

12.0 

12.0 

14.1 

14.0 

16.25 

16.2 

2.75 

2.7 

4.5 

4,6 

6.25 

6 2 

7.9 

8.0 

9.6 

9.5 

11.6 

11.6 

13.25 

13.2 


Pulse Time Period 
T(fi sec) 


TheN. ret ical Experimenta 1 

72.0 

72.5 

44.5 

45.0 

32.0 

32.0 

26.0 

25,2 

20.5 

20.8 

145 

137 

89 

88,5 

64.5 

64.5 

50.5 

51.3 

41.3 

41.6 

35.5 

35.8 

30.5 

30.6 

213 

222 

133 r> 

133 

96 

100 

76.6 

74 

62,5 

62.5 

52.5 

62.6 

45.9 

46.5 

286 

286 

178 

182 

129 

130 

100.5 

100 

83.5 

83.5 

71.5 

71.5 

61.5 

61.7 

364 

370 

223 

222 

162 

162 

126.5 

125 

104 

105 

88 

87 

76,2 

75.7 


(iii) Variation of Amplitude : As has been mentioned in the previous sectitm, 
the amplitude of the generated pulse should be equal to the supply voltage 
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(Fi-4. 4). 
Tabic; HI 


The icscilbs of cxpcnracaitnl (noasiirc-uioni of pulse amplit.urlo as given in 
conn,™ tlu« expeefatioT). This is shown graphically in Fig. 8. It was 



^ (ybiTs) ►- 

Pig. S. Vnriation of Amplituclo. 


also found in this connection that tlie pnls(' repetition frequency remained un- 
affected V) itli the variation of V .^ — tluTcby enabling amplitude control independent 
of frequency. I'liis is also dcTnon.stratc'd in Fig. 9 where the OBcillographic record 



Fig. 9. Linoar PuIho Amplitude Modulation. 

“>• 

amplitude vanes linearly With supply voltage. . ■ 
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TABLE 111 


Pulso Amplitude 


(Volts) 

Thooretic*al 

Experimental 

2.0 

2.0 

"^2.0 

2.6 

2.6 


3.0 

3.0 

!3.0 

3.5 

3.5 

,3.5 

4.0 

4.0 

^.0 

4.6 

4.5 

t4.5 

5.0 

5.0 

io.o 

5.6 

6.5 

5.5 

0.0 

6.0 

c.o 

DISCUSSIONS 


Eqn. (12) shoM^s that width of the generated pulso in a blocking oscillator with 
an emitter follower in the feedback loop is directly proportional to /Jg. Hence, 
it was thouglit tliat pulso width modulation might be achieved by working the 
ernitti^r follower at low collector voltages, the variation of which, in turn, might 
vaiy //g. By actual measurement, however, no significant variation of could 
b(‘ obtained. The scheme for pulse width modulation was. th(n'efore, abandoned. 
However, in the production of long pulses, tin* eircuit appeared to have more 
flexibility than that of the Linvill and Mattson type. For the latter eircuit eqn. 
(4) gives 

( 21 ) 

nr^ 

for Xq rssf 1 and n » 1. 

(Comparing eqn. (21) with (12), which gives expression for pulse vidth witli an 
emitter follower, it is seen that for a given total of the emitter resistaTiee (i?^+?v), 
th(' pulse duration wdlh an emitt^T follower in the feedback loop is times longer 
than T/i, thc‘ duration in the Linvill and Mattson circuit. It is also easy to sec 
that for the same pulse duration, the feedback transformer in the modified circuit 
has a mucli lower value of magnetising inductance than that which would be 
necessary in order to avoid pulse droop that would arise in the straightforward 
blocking oscillator circuits handling pulses of comparable width, 

A second desirable feature, obtained through the introduction of the emitter 
follower, arises out of the fact that the circuit provides a low impedance output 
point. This also results in its capability of handling a greater load. 

Coming to the consideration of manual control of pulse width by the vatiation 
of in the emitter circuit of the blocking oscillator (as may be useful in laboratory 
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oquipmenfs), it is easy to see timt increasing if, reduces regeneration of the block- 
ing oscillator. This sets an upper limit of R„ beyond which the blocking oscil- 
Intor would not function. Since pulse width varies inversely with the resistance 
in th(; emitter circuit, the highest possible value of /?, corresponds to the minimum 
pulse uidlli. Introducing a resistance 7?, at the emitter end in the Linvill and 
Mattson oscillator too one could achieve width variation. For such an arrange- 
ment the highest value of K, was found to be about 37 ohms giving a pulse width 
of 0.6/« see (theoretical xalue as based on eqn. (4) with r, replaced by is 

0.5t>// sec, tlie r, value under o])erating condition being about 30 ohms. Referring 
to 1(a) of ilie Results, the maximum limit of the generated pulse width is found to 
the l/< sec (corresponding to R,, =0). Thus the pulse width variation, obtainable 
in the Linvill and Mattson o.scillator, lies in the range of 0.6// sec to \/i sec. 

Now, reffering to the blocking oscillator with the emitter follower, it is seen 
that the loss of regeneration due to if, is coinpensat(id for by the extra current 
gain provided by the emitter follower. It is. therefore, permissible to increase 
Re to a much higher value corresponding to a much greater reduction of pulse 
width. Howevei', introduction of the factor /i., in the expression for pul.se width 
increases the overall length of the pulse. 


Taking a typical example, as given in Table 1, the range of pulse width varia- 
tion is soon to be from 1 1 .3// sec. to 32.4// see. It may be mentioned that the upper 
hrmt for F, = 0 corresponds to 67.5// sec. Tims, it is seen bv comparing the two 
blocking oscillatoi- circuits that, so far as the pcreenlage variation of pulse width 
IS concerned, the modihed circuit with the emitter follo-.ver in the feedback loop 
18 distinctly superior to an ordinary Linvill and Mattson arrangement. 

As has been seen in t he preceding section, linear variation of pulse frequency 
and amplitude with independent voltages is possible. Fig.s. 6 and 9 suggest th/Jt 
e circuit as shown in Fig. 4 should be very suiteble for effecting both pulse fre- 
quency and amplitude modulation. * 

.he modiM blocking omillstor ..ircult ia in 

-he held ..f ‘ 

I Th ■ “f “ “--it 

mL ZZZT . of coh ono of .ho i„*Vid„.l 

pulses, the total output due to « pulses will be given by 

whjre Q ; total output of the*^ integ^ting circuit 
A . factor of proportionality, 

with frequercy.”* ^ ^ considered, n becomes identical 

and ^ (23J 
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where V : pulse height in the absence of any external voltage. 

X : external voltage expressed as a fraction of V and injected in series 
with This is one component of multiplication. 

Ki : constant of proportionality, 

/ ; instantaneous pulse repetition frequency i|f the blocking oscillator, 

F : pulse repetition frequency of the blockin|; oscillator in the absence 
of external voltage, ; 

h 

and : frequency change expressed as a fraction ci F corresponding to second 

component of multiplication y in Beries|Hith Vg, 

{ 

one gets from cqns. (22), (23) and (24), 

Q - /fFF(l+/fiX)(l+i<:2i/), 

or. Q KVF{l-\-KiX+K^4-KiK^y). ... (26) 

^((n. (25) shows that the integrator output con-sists of a steady term, two linear 
torins-ouo pi-oportional to th<‘ first component of multiplication and the other 
to the second component -- andfi nally the required product term. It i.s tlierefore 
clear that by balancing out the steady and the linear terms at the output of the 
integrator, one is left only tvith the desired product term proportional to xy. 
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A NOTE ON THE RELAXATION TIMES OF THE PRO- 
TON IN CANE SUGAR SOLUTION AND GLYCERINE 
WITH ADDED PARAMAGNETIC Cu+^ lONSC) 

s. K. MUKHERJEK 


DKJ-AIM''ri.:NT OF PltYSlCS. DALHOtlSIE UNIVEBSITY, 
H.\.lul\x, Nova Scotia, Canada 


{Keccimd July 15, 1965) 


a««TR4CT Tlvi sniu-latlioo relaxation time of tlio proton 1ms been determined from 
H,eo.nwJm’s Cvinula. ia whirl, the numerical fimtor has been modified to take into aceom.t 
era M .us arising iu U.o rase of oano sugar solution and gly-enno w.th added Cu- ions. 
The spin-spin rolaKation time r.ouhl bo estimated from measu.vments of n.m.r. signal strength. 
It has been shown that in both of these liquids. T, and 'A -re of the order of 10-‘ see. 


Bloonibergon 'Purcell aiul Pound (1948) have propounded at hoory of nuclear 
magnetic relaxation, which was successfully applied by them to pun. liquids 
including, among others, water, glycerine, ethyl alcohol etc. These authors have 
also extended their theory to the case of dilute aqueous solutions of paramagneti- 
cions like Cui+, Fe+'+ etc., and have been successful in explaining the reduction 
in the spin-lattico relaxation time Tj of protons in these media, which was first 
observed by Bloch, Hansen and Packard (1946). The magnetic moment of a 
paramagnetic ion is of the order of one Bohr magneton, which is about 1840 
times bigger than the nuclear magneton. Therefore, on addition of these ions to a 
liquid like HjO, the intermolecular magnetic interaction between a liquid mole- 
cule and a neighbouring ion largely predominates over the intramolecular 
interaction between the two protons in the same molecule. 

In a previous work Mukherjee, (1964) we have reported measurements of 
nuclear magnetic resonance signals in aqueous cane sugar solution and glycerine, 
both containing very small quantities of dissolved paramcgnetic Cu"’"'" ions. Our 
sample of glycerine (CjHgOj) was 97.5% pure by weight (density at room tem- 
perature = 1.251g. cm"®) and contained about 2.2x10^* Cu++ ions dissolved per 
cm® of the medium. From tables (4), the value of its viscosity was found to 
be ^ = 6.6 Poise at 23°C, so that i/jT = 2.2 X 10"*P/‘’K, where T denotes the 
temperature in degrees Kelvin. The u.m.r. frequenqr was 16.6 Mc«./8eo. If 
our glycerine sample did not contain 00+ * ions, its spin-lattice relaxation 
tirai' Ti and spin-spin relaxation time shonld very closely follow the same 
dependence on r/jT respectively as the Tj and Tg of the 98% pure glycerine (6) 
investigated by Blocmbergen e< o((*). Using Bloembcvgen’s data we find, 

(*) tho attention of tho reader is drawn to Fig. 13 on page 706 of the article by Bloem- 
bergen et al (1948). 
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that in our case, and STg are both independent of the n.m.r. frequency and 
» Tg » 2 X 10-® 860. 

However, due to the presence of Cu++ ions, the relaxaiaon times will be reduced. 
To account for the reduction in the value of T^, we propose the following formula ; 

l/Tj = ... (1) 

where yp is the gjn'omagnetio ratio of the proton, ^ is the fisoosity of the medium, 
Ni is the number of ions per cm® of the medium, Hi is the |magnetic moment of the 
paramagnetic ion, k is the Boltzmann’s constant and T, t|w absolute temperature. 
This equation differs by a numerical factor only from 4 similar equation given 
by Bloombergen et al (1948) for the of protons in HgO.| In modifying his equa- 
tion, we have assumed that 8 protons are available for ii|bcraction with one Cu ^ 
ion, i.c., one ion int(‘ract8 magnetically with one molectiie of glycerine and, as 
usual, the diffusion constant D is the same for the glycerine molecules and the 
divalent Cu++ ions. Assuming ftj = 1.9 Bohr magnetons (6) and putting numerical 
values in equation (1), we get Ti — 1.3 x10-* sec. The order of magnitude of 
Tj thus calculated, sticms to be reasonable and our calculation shows that 
has been reduced by a factor of the order of 100 due to the influence of Cu++ 
ions. It must bo mentioned, however, that the modification as representCKl by 
equation (1) is baseni purely on phenomenological considerations. However, the 
use of this equation appears to bo justified by the fact that it apparently gives 
results of the correct order of magnitude. 

According to Bloombergen’s theory of the relaxation times of the proton in 
a liquid medium under conditions of resonance absorption, 

... ( 2 ) 

if 

(2ffVoTc)* < <1 ... (3) 

Here Vq is the n.m.r. frequency and t„, the so-called “correlation time” given by 

Tf = ^mjet^fZhT ••• (4) 

In this equation, a is the radius of the molecule containing the protons and all 
other symbols have been explained previously. Solomon (1966) has deduced on 
theoretical grounds that in a similar system of two nuclear spins, containing para- 
magnetic ions in solution, Tg and are approximately equal if the same condition 
(3) holds good. It has also been shown experimentally by various workers including 
Bloembergen et at, (1948) Gabillard (1952) and Clnarotti and Giulotto (1963), that 
such an ionic concentration as used by us, Tg is approximately equal to 3’j in 
aqueous paramagnetic solutions. Some of these authors used Cu'' + ions, but 
many preferred Fe+++ ions. 

In a medium like glycerine, when free from paramagnetic ions, the spinspiq 
relaxation time JTg wliioh is a measure of the reciprocal of the resonance 
3 
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lino-width arisoH from (i) a cont.ibution duo the local magnetic fields of the 
old (ii) L second contribution due to the mutual energy exchange - « 
uiermtion process ludaccn the eight protons m the molecule and (iii) a third 
contribution given by i>r„ u Inch measures tlie life-time of a nucleus in a parti- 
cular evcitod state, (iv) There may be a fourth contribution to arising 
from a linelnoadening duo to the iuliomogeiieity of the magnetic field over the 
bulk of the sample, lloaever. duo to the presence of Cu++ ions in glycermo 
ai the l.nc ! indicated and the consequent reduction in the value of T^, it is 
ieasonable lo assume Ihat the coiitribulions (i) and (ii), which are roughly 
equal, arc of (lie same order of magnitude as the contribution (iii). 

In our im'vious work (Mukherjec «9G4). the n.m.r. coil was small (about 1.9 cm 
long co>nj>at(!d to the pole-face diameter of 20.2 era) and placed at the centre 
of the fie ld. An accuracy of a few parts in 10‘ was obtained there in tho deter- 
nniiafrio!! of tlic ratio of the Larmor freqiieneie.s of the \g and lOy? nuclei. 
An estimation of llie variation of the magnetic field in the medial plane of 
th(' air-gaji, as one moves away from the centre along a radius, had boon made 
l)y Giipiill el al (1950). All ihesi' data lead us to believe that the magnetic field 
is liomogencoiis t(' within .LO.03%. I’his value of field inhomogeiu'ity allows 
us to calculate a liiK! broadening, whos(> ctmtribulion to is 1.2x10“'* see. 
(contribution iv). This figure is almost equal to the value of calculated from 
relation (1). Thus, although the glycerine molecule is a system of 8 “effective' ’ 
nuclear spins, complicated by the presence of C’u++ ions, it is justified to assume 
that the fijtal absorption line width is given by the reciprocal of T^, at least, 
as far as the order of magnitude is eoneerned. Therefoie, we can put, Tj, 

X 1.3x10'* sec. and TJT^ X 1. 

Tho caiic sugar sample u.sod by us had 63.6% by weight of 0^2 HagOn dissolved 
in water and contained about 2.23 X 10’» Cu ^ ^ ions per cm^ of the solution. This 
number is almost the same as that in the case of glycerine. Measurements were 
niad«! of the density and viscosity of tliia sulutiuu at room temperature and gave 
following values ; f> l.254g. cm“* and //, - 20.3 cP (at 23'C). Cane sugar 
niohicules containing 22 protons are bigger than glycerine molecules. The system 
contains, in addition, tlic cupric ions and a relatively large amount of water, 
llougly speaking, 1 <'m» of cane sugar solution contains, beside the cupric ions, 
about 1 .95 X 1022 molecules of JlgO and 1 . 1 8 x 102* molecules of CiaHggOu. There- 
fore, on tho average, one Cu+' ion can be considered to be in the neighbourhood of 
molecidc of CijHjA)!, and 16 to 17 molecules of 11^0. Hence, effectively the 
magnetic interaction takes place between one Cu^ ^ ion and about 66 protons, 
eepmg thi,s simplified picture in mind and assuming, as before, the thermal 

molecules are 

r ./'i numerical factor in Bloembergen’s 

J no modified formula now reads : 


formula for T,. 


IjTi = QQn^/q,Nijji»lkT 


(S) 
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^ OTh thi6 RBlctccOitton Ttm&s of thc^ PToton, Btc, 

Tu this modification of Bloembergen s formida, the same phenomcnoJogical argu- 
ments have been followed as in the previous case. 

In the canc sugar system j;,/5r C,.QxlO-*PrK. Substituting numerical 
values in equation (6), we get ^ 6.2 x 10-« sec. The radius a of t he cane sugar 
molecule can be estimated from its molar volume, namely, a = 4.4x 10 « cm. 
Substituting in relation (4), wo get ^ 1.8x 10-» 8ec.(t). With the value of 
Vo — 16.4x10* c.p.s., the frequency used in this expcriuijent, we get 

(2ffVoTo)* Si 2.9 X 10-2, i.c. << 1 . 

Hence, from relation (2), we get, for protons in cane iugar solution, Ta x Ti 
(;= (5.2x10-“ sec.). ' 

The n.m.r. signal to noise voltage ratio i.s given bv the following expression 

( 1 . 11 ): 


Z. = y^NypI{l + l)h^ 
V„ 48kT 


X 


( 


kTBF 



(6) 


In this cx])rcssion k\ T, Vy, Ti and To have the previous significance, y depends 
on the laAv of signal detection and ;::r the ^‘filling factor^’ of our coil (^::r 0.503) 
N is tlie number of protons per (N ^ 6.58 x lO^* for glycerine; N = 6.5 X 
for cane sugar solution); I is the proton spin (= 1/2); h is the Planck’s constant. 
Vc iR approximately equal to the volume of the sample coil ( 3,32 ern^), Q is the 

({uality factor of this coil (j:::; 253 at 15 Mcs./sec.) Vj, is 15.5 Mcs./sec. for glycerine 
and lo.4 ifcs./sec. for cane sugar solution. B is the band width of tlic indicating 
instrument, namely, tlu* l(‘V(d recorder u.sed in our exp<Tirnent (3) and B ^ 6.1 
e.j).s. (measured value'). P is the effective noise figure of the amplifier system. 
It lias not been possible to mea.sure JF and we have eliminated this factor by 
making comparative measurements under almost identical adjustments of all 
parts of the apparatus. 

As mentioned in ilie previous report (3), we get, at 23'^C, 20 Ig (V,jV„) equal 
to 14.0 db. for glycerine and 12.2db. for cane sugar solution, both containing 
almost equal amount of Cu ^ ^ ions, as aforesaid. On substitution of numerical 
values in relation (6) we now get. (T^jTy) in glycerine = 1 . 43 x(r 2 /^ 3 ) 
sugar solution. However, it has been shown above that (TJTi) in cane sugar 
solution is 1 and in glycerine 1.3 x 10“^ sec. It foDows that .T 2 in 

gluoerine is 1.9 x 10”^ sec. This value of T 2 in glycerine has the same order of 
magnitude as that assigned to it in the same liquid, namely Tq = 1.3 x 10“^ sec., 
elsewhere in this paper. This fact supports our assumption about the near 
equality of T 2 and Ti in glycerine and cane sugar solution in the presence of 
paramagnetic ions, 


(t) For water molooules in the same system, we get r© x sec. 
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ON THE ABSORPTION SPECTRA OF Ni++ ION IN 
AQUEOUS SOLUTION 

N. S. CHHONKAR* ^ 

Physics Laboratories, Btjrdwak University, Bi^dwan, India 

{Received July 23, 1965; Resubmitted June 15, 1966) 

/ 

ABSTRACT.. Oscillator strength of a dor/m of nickel s(plta in aqueous solution were 
calculated following Van Vleok, Tauabo and .Sugono, and Jdrgeiikon from the absorption den- 
sity measuromonts. It was ob8er\'ed that stronger the cubic potions of the crystal field tho 
greater were the oscillator strength. Tho effect of tho crystal field on oscillator strength pro- 
vides a basis to say that tho rod band splittuig is not due to first order L-S coupling or due 
to second order intermixing in agreement with the findings of Mookherji and Clihonkar that 
the splitting is due to tetragonal field. 

INTRODUCTION 

Considerable amount of experimental (Mookherji and Chhonkar 1969. 1960, 
Chhonkar 1904) and theoretical (Holmes and McClure 1957, Liehr and Ballhausen 
1959, Englman 1961) work on the absorption spectra of Ni'' + ions in state of 
solution and in crystalline state has been carried out. The characteristics of 
absorption bauds are position, band width and intensity. The positions of 
absorpiton bands of Ni++ ions in aqueous solution and in different organic 
.solvents have been cor- related to some details by the assumption of a crystalline 
electric field predominantly cubic in nature on which is superimposed a small 
tetragonal component. It was Mookherji and Chhonkar (1960) who first showed 
that the splitting of the red band into bands II and III was due to tetragonal 
field. Later on Bose and Chatterji (1963) applied a rhombic component instead 
of tetragonal in case of Ni++ ions in crystals and got a good agreement with the 
observed values of Hart-mann d al (1958.) 

The intensity which is proportional to the area of the absorption curve and 
consequently proportional to the oscillator strength contains information as to 
tho nature of the transition. The line shape gives us information about the 
environments of the absorbing ion. Our work (1964) on Ni++ ions in organic sol- 
vents definitely establishes that the cluster about Ni++ is more anisotropic than 
that in aqueous solution and hence the influence of environments. All tho pre- 
vious works were concerned with correlating tho oscillator strength of these ab- 
sorption bands as spin-forbidden spectral transitions taking the field as cubic in 
symmetry. Experimental findings of Krishnan and Mookherji (1938) do not 
support a cubic field. In order to understand the behaviour of variation of cubic 

*Now at the UniverBity of Gape Coast, Ghana. 
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field on the oscillator strength we have calculated the oscillator strength from 
the observed absorption density in a mirabor of Nickel salts in aqueous solution 
in whicii the strength of cubic field coefficients varied considerably. 

The present eoinuinnicatiou giv'(‘s an account of the above studies. 

E X P K R I !tr K N T A L 

The experimental details have been discus.sed by Mookherji and Chhonkar 
(1959, 19(i(t). For the study in the ultra-violet region the glass prism was replaced 
by a quartz pri.sni. Tiie inea.surements were carried out by using stoppered fused 
silica cells. 'rh<> variations of absorption in different .salt solution are shown 
grajJiically in fig T to 20. (Mookherji and Chhonkar 1960). 

J{ E S U f. T .s 


The result.s of mea.su remonts are collected in Table I. The oscillator strength 
/’ is given approximately by the relation (Jorgensen 1962) 


/’ = 4.60xl0-»,fi;„[J(_)+rf(+)]. 


where is the molar extinction coeflioient. « is the band number and J(-) 
^(+) are haJf widths towards smalks- and larger wnve-length.s. E„ is given bv 
- -log (///„) ^ absorpimn density, f'is D.o eoneentratioii per moi per 




Fig. 2. Absoiption oarv« of KiSO« sola* 
tion (0.0178M). 
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pig. 3. Absorption curvo of NiScO^ fiolu- Fig. 4. Absorption curve of Ni(NH 4 S 04)2 
tion (0. 129M). solution (0. 076M). 
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6. Absorption ourvo of Ni(K.S 04 )a Fig. 6. Absorption curve of Ni(K.S 04 )a 

sohliiuxi (0. 0913M). solution (0 . 0229M} . 



PCSCrMTAGC ABSOttPTfOM 



l*'!?- 0. Absorption curve of Nj(K.SoO ) 

solution (0.0753M). 


^ If* M 

^’'R- 10, Absorption cunro of NiOljBolu. 

tioii (0.126*M). 
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Fig. 11. Absorption curve of NiBrg solu- 
tion (0.0613M). 



Fig. 12. Absorption curve of Ni(N 03 )a solu- 
tion (0.0688M). 




13. Absorption curve of Nia Big Fig. 14. Absorption curve of Ni (HCOO)a 

(N 03 )ig solution (0.034SM) solution (0.0006M) 
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h’ig. J.’i. Absorption furvo of Ni(OHyCOO )2 Kig, 16. Absorption curve of [Ni(MH 3 ) 4 ] 

solution (0. 151M) (SOJ (0.08M) 



•o 0.9 ad 07 a 6 od o»4 

<» yU. 

I'ig. 17 . Absorption curve of [Ni(NH3)i] 
(OH) (0.162M) 


1.0 0.9 0.0 07 0.6 0.9 O 
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Kiga 18. Absorption curve of [Ni(NH 3 ) 4 ] 
(Cl) (0.084M) 
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Fig. 19. Absorption curvo of [Ni{NH 3 ) 4 ] 
(CH3C00)p (0.1 03M) 
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^ In ^ 

Fig. 20. Absorption curves of 

(I) []Sri(NH3)J(SO)4 (0.0712M) 

(II) [Ni(NH3)4](Cl) (0.084M) 

(lU) [Ni(NH3)4](CH3C00)2 (0.077M) 


litro per cm. thickness of the solution. The values of <S( — ) and <5(+) obtained 

by a Gaussian analysis and hence P-valucs could be calculated. These arc 
given in Table I, K, the cubic field coefficient, are taken from Mookherji and 
Chhonkar (1960). 


DISCUSSION 

For all the salts studied the absorption spectra are characterised by three 
band maxima IT, III and IV. 

An estimation of the P-values following Van Vlock (1937) and Chhonkar 
(1964) for the bands II, III and IV are given in Table I. 

Most of the theoretical workers subjected Ni++ ion to a crystal field of cubic 
symmetry. Under such a field the ground state ®p 4 splits into three levels. 
Consequently there should be only two absorptioaband heads. But experimentally 
three bands were observed. This made these workers to attribute the splitting 
of the red band duo to first order L— S coupling or duo to second order intermixing 
effect. 

If this splittings was due to L— S coupling it would have been observed for 
aU the twelve sata of Ni++ ion studied by us. But no such splitting could be ob- 
served in Nickel amino salts. According to Jorgensen (1958) first order L-S 
coupling is not capable of accounting for this splitting. 
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TABLE I 


SnU 

AHSO, 

Ni(K.S()Jo 


Band 

Absorp- 

tion 

0 

8(-) 

8( + ) 

Pxl05 


Ifoad 

flonsity 






II 

.240 


1250 

1720 

3.07 


Til 

.210 

.1068 

1120 

1200 

2.10 

17,726 

IV 

.575 


1780 

1780 

8.82 


II 

.195 


1250 

1720 

2.01 


HI 

.172 

.0913 

720 

1200 

1,67 

17,745 

IV 

..523 


1780 

1780 

9.60 



Ni(NTT4SO,). 


IT 

. 152 


1150 

1740 

2.66 

III 

TV 

.132 

.366 

.0760 

740 

1540 

1160 

1540 

J .51 
6.82 


II .171 1350 1420 3.00 

Ni(RbSO.)o in .150 .0727 860 1110 1.87 17,725 

IV .406 1790 1700 9.20 



II 

.285 


1350 

1530 

2.91 


NiSoO, 

III 

.244 

.1290 

930 

1180 

1.84 

17,725 


IV 

.674 


1510 

1510 

7.26 



TI 

.162 


1330 

1.3.30 

2 . 65 


Ni(KSoO ,)2 

III 

.140 

.0753 

600 

1200 

1.54 

17.725 


IV 

.377 


1516 

1570 

6.96 



II 

.177 


1330 

1330 

2.65 



III 

.154 

.0818 

1120 

1200 

1.99 

17,725 


TV 

.409 


J5J0 

1510 

6.95 



IT 

.263 


1480 

830 

2.23 


TIT 

.229 

.1252 

1040 

1130 

1.83 

17,725 


TV 

.640 


2060 

2060 

9.69 

NiBr, 

TI 

.137 


1350 

8.30 

2.17 


III 

.120 

.0613 

700 

1200 

1.71 

17,725 


IV 

.312 


1510 

1510 

7.07 


Ni(N03)2 

Ni(HCOO)2 


T1 .149 

III .130 

TV .347 

IT .134 

ITT ,114 

rv ,307 

II .227 

HI .200 

IV .544 


12.50 

.0688 620 

1510 

1250 

.0348 650 

1300 

1190 

.0906 440 

1510 


1250 2.49 
1440 1.79 
1510 7.01 

1000 3.99 
1250 2.87 
1300 10.55 

1530 3.13 
1510 1.98 
1510 8.38 



17.725 

17,745 

17.726 

17,726 

22,116 

22,470 

22,612 
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If the splitting is attributed to second order intermixing, then greater the 
cubic field splitting the greater would have been this splitting. But our experi- 
mental finding is that in the Nickel amino salts where K, the cubic field coeffi- 
cient is 22,000 cm^^ this splitting is absent, whereas in Tutton salts where 
K 17,000 cm~^ this splitting has been observed and is 1300 cm*“^. 

Now coming to the question of oscillatot strength of these bands we find 
that the group of salts having K values 28,000 cm''^ have greater P-values 
than those having -values 17,000 cm~^ (iTable I). Table I further shows 
that in Nickel Tutton salts P- values are differeilt from those of nitrate and formate 
of Nickel and Amino salts. This clearly indites that though the salts are in 
state of aqueous solution yet the environments about the absorbing Ni++ ion 
are not the same. 
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Waltair. (A.P) 

{Received December 10, 1005) 

ABSTRACT. The tUvay schomo of (/s-134 is stmliod and the y — y angular correlation 
moasuremonts arc onrriod out, for tlio cascudoft 605-707 keV (soparatod), }, 308-605 koV, 963- 
m koV. Mir.-mr, koV SOO-l I6fi koV and 432-797 koV. On the basis of oxporimontal data on 
clirociional corroUations, spin assignmonts are made for OOo. 1 168, 1402. l.'iOS, 1646, 1834 and 

1973 koV ("ccilod Ic'wls. MulHpole assignments are also modi* for the 1368. 1040 and 963 
koV Irnnsitions. 


.1 iN I IV VI If V V r 1 (> jNf 


rho (loc:ay of Co-134 ivilh a Iialf lifr of 2.2 yearo ia hi-lily coiflplox, nion' 
are Bcvcral oxcital lore)* in Ba.l34 with an enrrgy Mow 2 Mev whicli giyo rise 
to gamma mmimnenta of different, energies, learling to o complex gommn spec- 
imn. 1 lie angular correlation study of B..134 is obviously cmplicaW beeanse 
o t ,e d, lleivnt er^c, with neatly the same energy components. A numlmr of 

tohle rfths r”” f »a..licdtho,lec.v 

m,.nl schemes whicl. arc not in agn,;. 

* “"Ofter. The levels at 15B8, 164.1 and 1770 keV arc observed 

.t;::„:rnich“r 

to find the verity oft, lions • ® Hence it is essential not only 

also assignments are to V** discrepancies but 

Slndy of decay scheme rfS"’mit’ d ‘ 

alignments L the .t„« n 

levels which have not been studied so f ? ^^'***" 

methoda ’ ^wiploying the directional correlation 


lution of W^rno^iT^deXJand^^^^ ^ 

-ts of ir diameter and H tSl^ 1"“^ con- 

photomultipliers, a fast amplifier and n ®292 

photomultiplier is supplied from a well "roTl ^ the 

m a well regulated negative high tension unit. 
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This arrangement permits direct coupling of the photomultiplier anode to the 
input of the EFP60 fast transient amplifier which has a band width of over 60 
mega cycles per second. The output pulses from the cathode follower type of 
limiter has a fast rise (better than 0,01 microsecond) a flat top and a long trailing 
edge suitable for clipping by the shorted delay technique. There is no inversion 
of the pulse while passing through the fast amplifier and cathode follower type of 
limiter. The standard Bell et al, (1952) coincidance unit is used with the reversal 
of diode connections since the pulses encountered are negative. An integrating 
circuit is incorporated in the fast coincidence linker amplifier to stretch the pulses 
and as well as to delay it so that the delays infrodiioed in other single channels 
are compensated. The triple coincidence unit is additive type cathode follower 
having a resolving time of 2 microseconds. Compton graded inverted cone 
type of shields are used aroimd th© scintillators to eliminate crystal-to- crystal 
scattering effects. The energy resolution of each spectrometer is found to be as 
8.4% for the 662 keV gamma rays of 

A cylindrical perspex container having a cavity of 4 mm diameter and 10 mm 
depth with a w^all thickness of 0.25 mm is used as source holder. The container 
witli source is mounted vertically at the intersection of the axes of tlie cylindrical 
crystals and is about 5 cm from each crystal. The spectrometer is initiallj^ tested 
for angular correlation measurements using the standard cascade of Ni®® and 
found to be quite satisfactory for the correlation measurements. 

RESULTS 

Initially tlie spectrometers are .calibrated using the standard sources namely 

and CV*®. A good lineality is observed over the 

desired energy region. 



Fig. 1. Singles spectrum of — lower energy side. 
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energies rcsp(H*iivcly. Au finalysis ol those spectra show llio presence of gaiiiina 
1370, componcjiits with energies 200, 432, 563, 605, 797, 963, 1040, 1170, 1568, 1645 
and 1726 koV. The energy components 563, 605, 797, 963, 1040, llo70, 1370 
and 1568 kc\^ observed in the present investigation arc in agreement with those? 
of the results of the recent investigators. In the present analysis, the singles 
spectra shows two gamma components with energies 1645 keV and 1568 koV 
which have not been reported by oth(‘rs. Tlu* 1120 and 1726 keV gamma compo- 
nents ol;ser\ (mI in this present case; are of very low intensity. It is found to be 
difficult to accomodate these gamma components in the present decay scheme 
since these are- not in coincidence with any other prominent gamma component. 
The peak observed at 200 keV can be ascribed to the backscattering contribution. 


A broad peak noticed at 450 keV is certainly a gamma component with 
energy 432 keV which fits the transition between 1834 kev and 1402 keV excited 
levels. A beta component with end point energy 216 keV give rise to a level 
at 1834 keV. This beta component had originally been reported by Cork et 
(1953) using a double focussing magnetic spectrograph. 


Coincidence experiments are carried out employing the slow-fast type of 
coincidence scintillation spectrometer, in order to find out the decay scheme 
of Cs . The tw^o detecting assemblies of these spectrometers are so arranged 
to subtend an angle of 90" between them inorder to minimize the errors arising out 
of chance coincidences due to the crystal-to-crystal scattering. With this set up 
»mcKW .p„ctra a™ drawn by acWng the fo^lowi ■^5 enorgiee 563. 605 797, 
1040 and 1368 keV in one channel for each run and scanning the other channel 
e entire energy region. There is every possibility of interference between 
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tJxe strong and the adjacent weak components while observing the coincidences 
with energies 563, 605 and 1040 keV. Inordor to surmount this difficulty a reason- 
ably small gate (0.5 volt) is employed while taking the coincidence readings. 

It is found that the gamma component with an energy 663 keV is in coinci- 
dence with the gamma components of energies ^5 and 802 keV. The 605 koV 
component is in coincidence with all gamma con^onents in the lower and higher 
energy regions. From the 797 keV coincidenco curve it is seen that 432 keV 
gamma component is in coincidence with 797 keV component. From the surve^y 
of 1040 and 1368 keV coincidence spectra it can be pointed out that they are in 
coincidence only with the 605 keV energy gamma^component. The channel width 
at 1368 and 1040 keV is kept 2 volts so as to reoj^ive the total radiation from the 
two peaks at 1368 and 1040 keV. The coincidences observ^ed bt^tween these 
radiations and 605 keV gamma ray are pure an^ there is no need to consider the 
interferonco effects from other cascade. By observing all these coincidence 
spectra a level scheme for is drawn as shown in the final diagram. 

From the coincidence spectra it is found that then^ are reasonable coincidences 
between 1040 keV and 605 keV as well as between 963 koV and 605 keV which 
suggest the existence of levels at 1645 and 1568 keV excited levels w^hich arc popu- 
lated by beta groups with energies 410 and 490 keV in the decay of The 

797 keV gamma component is observed to be obviously coinciding with 432 keV, 
which predicts a level at 1834 keV. A beta feed with an end point energy 210 keV 
would give rise to this excited level. 

The observations of angular correlation are carried out by setting the two 
chaiiiw^ls to two different gamma components which are in cascade. In these 
observations care is taken to see that the source is intense and is veritcally fixed. 

TABLE I 


Cascade Present exporimontal results Previous investigators results Authors 


^3 

«4 


03 

»4 


606-797keV 0.098 dO OOO 

0.011 -1:0.006 

0.09684 0.0043 

0.0142±0.0086 

( ^oloinmi 

(separated) 


0.092 

±0 004 

0.012 ±0.004 

Segaert 
ct al 

1368-60r.keV 0.011 ±0.015 

-0. 0000 i 0.001 

0.09 

0.107 

4 0.0086 
±0.02 

-0.004 ±0.013 
-0.006 ±0.02 

Klema 
Sogaort 
et al 

800-1 168koV-0 . 1236 ± 0 . 0015 

O.OOOOi 0.001 

0.15 

±0.01 

-0.019 ±0.001 

Segart 
ot al. 

1040-605koV 0.104 ±0.021 

-0.019 ±0.008 

0.097 

0.102 

±0.009 

±0.024 

0.023 ±0.011 

-0.037 ±0.03 

Munnloii 
ot ol. 
Sogaort 
et al. 

666.e06keV 0.021 ±0 008 

0.099 ±0.026 

0.019 

±0.019 

0.092 ±0.029 

Stewart 
et al. 

432.797keV -0.1119±0.0042 

0.1382:10.0001 





963-605koV 0.4963± 0.025 

0.1203±0.0186 



— 

— 
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n should be centered within 0.6% variation of the count rate. Coincidences are 
observed at angles 90°, 112“.30', 135^ 157^30' and 180° in each run. Large 
number of coincidences are observed at each position inorder to minimize 
errors arising out of statistical fluctuations. About 1000 to 2000 coincidence 
counts arc collected at each time and the random coincidences are subtracted 
each time. The random coincidences are calculated using the formula 2n 
where Ni and arc the counts from two channels and ‘tt’ is the resolving time of 
the coincidence unit. Using the true eoinciconco number other correlation coeffi- 
cients are evaluated by the analytical method suggested by White (1963). These 
values arc further corrected for angular resolution. The correction fraction to be 
applied to coefficient (measured) varies from 0.947 to 0.959 for the energy region 
0 to 2 MoV and the value to be applied to (measured) varies from 0.908 to 
0.921 for the same energy region. 


TABLE II 


Cascade in 
keV 

proposed spin sequence 

Excited level 
in keV 

Spin value 

605-707 

4(Q)2(Q)0 

0 

0 

1368-605 

3(92%D+8%Q)2(Q)0 

606 

2 

800-1168 

3(D)2(Q)0 

1168 

2 

1040-605 

3(95%D+5%Q)2(Q)0 

1402 

4 

563-605 

2(DQ)2(Q)0 

1568 

2 

432-797 

4(Q)4(Q)2 

1645 

3 

963-605 

2(7r>%D + 25%Q)2(Q)0 

1834 

4 



1973 

3 


The gamma-gamma directional correlation measurements are carried out in 
the decay of Csi"-^ Ba^^ for the above mentioned cascades. The corresponding 
correlation coefficients arc given above in a tabular form along with the results 
of previous investigators. 

The angular correlation function W{d) versus the angle subtented by the two 
dcctectors is plotted for all the seven cascades. The plots are shown in figs. 3 to 6. 

The proposed spin sequence for the cascades along with the admixture content 
t at arc resulted in the present directional correlation studies and the spins of aU 
excited levels arc represented in the Table 11. 


DISCUSSION 


Tl. gate setting .t 600 knV in one ohMnel i, to enoloee the 

toee end 800 keV in another ehaj^ to 
bracket the peak, contannng the 797 and 802 keV oomponente. Therefor, the 
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gates at these energies comprise the following cascades : 797-606 keV, 669-797 
kev, 802-663 koV and 802-(663)-606 keV triple cascade. The peroentagc contri- 
butions of all these cascades are given as 797-605 keV (71%), 669-797 keV (1.4%), 
802-663 koV (8.2%) and 802.(663)-606 kov (8.8%). The 606-797 kcV cascade is 



ig. 3. Coirelation plot between W(tf) vs. angle Fig. 4. Correlation plot between 1^(6) 
a for 9«.3-605 koV caueado. vs. angle $ for 1168-605 koV 

end 605-797 keV (separated). 



ne 3 coifmtArtON plot fop i369-^oskav^ 

t040<^30S w ANO 50 f IT* K CA SCA Oi 



F€iA 42^•797iCm¥ CA%CAOt 


separated firom the others by shifting the analyzer window of the first channel to 
the high energy side of the 606 koV peak to eliminate the contributions of 669 
and 653 keV radiations. The values of the correlation coefficients thus obtained 
after ^imination the interference effects of other adjacent cascades are in agreement 
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lliosc Uieorctically computed values with the sequence 4(Q)2(Q)0. Further 
iiitcrptrtation of angular correlation coefficients is difficult in vieAv of the fact 
ihai <Iicr(' arc various inierfering cascades. 

The angular correlation study with gates set at 565 and 605 keV comprise 
the <loiihl(> cascade 563-(i05 keV and triple cascade 669-(797)-005 keV. The per- 
centage contributions reported by Munnich et al are 64% and 36% respectively. 
Taking the percentage compositions into consideration, tluf spin sequence 2(DQ) 
2(Q)0 resulted for the 563-605 keV cascade and either 3 (D)4(Q)2(Q)0 or 4(D) 
4(t?)2(Q)0 for the 5()9-(797)-605 keV cascade. 

The t heoi-etical correlation coefficients for 2(DQ)2(Q)0 sequence with mixing 
ratio 0.57()S and with 75% dipole content are in close agreement with the (>.\pcri- 
incntally obtained coefficients for 903-605 keV cascade. The admixtum content 
in 9(i3 k<iV transition is obtained from the extrapolated plot of fig 7. The correla- 
tion cocffici('nt.s for lOiO-605 keV arc consistent u ith 3(DQ,)2(Q)0 sequence with 
t)5'’,(, dipole admixture in 1040 keV transition. Segac'rl et al (1963) reported the 




c ) = 





o 


7 . Multipolo admixture plot for the 
963 koV transition. 



^^ig. 8. Acimixturo content in 1040 keV 
gamma transition. | 


oLrvc r “ 1(«)2(Q)0 duo to the fact that they could not 

.UBp„rt.3(flQ12mo‘» 

0^7 mSvu oC“T' , "a"”'"” ” -‘h 

3(DQ)2(Q)0 »u)ueuee. The miitag „ti„ obtained after 
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calculation is — iLO-2949. The 95% diplo content in the 1040 keV transition 
[is represented in the multipolarity graph for 3(D0)2 as shown in fig. 8. 

After comparing the values of ag S'J^d obtained from the present experi- 
mental investigation with theoretical coefficiciits for diffenmt spin sequences for 
432-797 koV cascade, it is found that only 4(Q,)4(Q)2 sequence agrees w^ell with the 
present values. From this investigation a spin value of 4 units is assigned to the 
1834 keV excited level ami the 432 keV gammi component results from a transi- 
tion from the 1834 keV level to 1402 keV level tlrhich is considered as pure transi- 
tion. This cascade is considered as only due toifche coincidences observed between 
432 keV and 797 keV radiations. A further fcivestigation on this transition wdll 
be useful in establishing the properties of the 1834 keV excited level. 

The spin value of the ground state of has been reported as 4 by Klema 
and tlu5 change of spin for 80 keV beta transition has been reported as 0, il. 
the 005 k(^V transition has been established predominantly as i ?2 time of 

the first excited state was found to be 3 Xl0~^ sec. (Bell e/ a?, 1949). Hence 
it is assumed that correlation is not affected by external fields. From these 
results it is evident that 1973 keV level of Ba^^^ must have any one of the 
values 3, 4 or 5 for its spin. If a value of 6 is to be assigned for the spin of 
1973 keV level, an admixture of J/3+E4 w ould result in the 1368 keV transition 
which is rul<‘d out on the basis of life time considerations of the levels. 

In the experimental analysis of the pi'osent investigation the correlation 
coefficients arc in agreement with the theoretical coefficients of the 4(Q)2(Q)0 




Fig, 9. Quadnipole oontemt in 1368 koV Fig. 10. Final decay schomo of 
transition. 
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soqucnco with a sj)in value of 4 units for the level at 1973 keV. On this basis the 
11(58 keV transilion should bo E3 or E3+M4, but the conversion coeffidents for 
such a tiansition arc not in agreement with the measured conversion coelBcionts 
for tliis transition. Ilenco the 1368 keV transition is a pure quadmpolo for which 
also the conversion coedicient is not in agreement with the measured values. From 
these considerations the assumption of spin 4 makes a poorer fit. Next considering 
the spin value of 3 units for the 1973 keV level, the coefficients are in good agree- 
ment with the oretical coefficients of 3(DQ)2(Q)0 sequence with large dipole admix- 
ture in 1368 k(!V transition, (fig. 9.). The conversion coefficients for this sequence 
are consi.stent with the measured values. 

The cascade 800-1 168 keV is studied inorder to assign the spin value of the 
level at 1973 keV. As a result the values of and a, lead to the spin sequence 
3(DQ)2(Q)0. From the results obtained on the study of the two cascades mentioned 
above, it may be concluded that the excited level with energy 1973 keV be assigned 
with a spin value of 3 units and the transition with energy 1368 keV has 92% 
dipolo radiation as can be noted from fig. 9. 

From the results of the present Investigation on Cs^®*, a decay scheme is 
proposed as shown in fig. 10. The spin assignments for 606 and 1168 keV levels 
obtained in the present work are consistent with the values of Mailman (1961) 
and Davydov elal, (1960). The spin 3 of the 1645 keV level can be said to 
be consistent with the assumptions of viibrational model of Wilets e( a/, 1956. 

According to Mailman’s theoretical calculations the spin value for the level 
at 1668 keV is either 1 or 3 and the level at 1646 keV is 3 or 4. In the present 
investigation the spin at these levels are not in agreement with the predictions 
of any other except of Mailman. The spin value 3 for the 1973 keV excited level 
IS not in agreement with any one of the theoretically computed values on the basis 

of the oitoting modoh (*<, referooces). Hot.ee the results of this oicitod stute is 
Open for further study and discussion. 


references 

J*e». 90, 444. W. and Bnce, M. K. 1963. Pfty. 

Davydov. A. and Chaban, A. ISfto. Nuol. Phv^ 90 <ioa 

Klema. E ,955.'^ ^ V lh, 

Mailman, G. 1961. Nuei. Phys, 24 m 

8rS.GofchS2r.‘'o.*^an7wSfiT"' \?|6 IM. 68. 

Phys. 48, 76. ’ '* ® ^hens-Vanfraet, L. V. and Dorikens, M. 1968. Nuel. 

M. I- IMS. 1%. B.O. M. Wl. 

Wihuc L.' 2d'S2u.YS; X"2r,g; 52: 



4 

AN ISOTOPE EFFECT IN TFE COLLECTION OF 
RECOILED PRODUCTS Of C2H5Br, C2H4Br2 
AND CHsBia 

A. LAL 

Department op Pulpsirs, 

Banabas Hindu UNr>i^KSTTy, 

Varan A si-S. j 
{Received February 19^ 1966) 

ABSTRACT. Tho present work reports a study of the eolloction of the recoil products 
of ethyl bromide, ethylene dibromido and methylene dibromide and the associated isotope 
offoct. The effe<‘.t has been observed on both the anode and the cathode using a Ra+ Be source 
of 300 mC. A possible explanation for tho higher enrichment on the anode and for tho isotope 
effect has boon attempted on the basis of ‘Auger Electron Hypothesis’ recently suggested by 
Qoissler and Willard. 

INTRODUCTION 

In an earlier paper henceforth referred to as I, Arnikar and Lai. (1960) reported 
the isotope effect in case of the compound bromo-benzene following purely a 
physical method. Tho characteristic values {ylarn) were calculated with the help 
of cross-section (tr), abundance (») and the yield (y) of the bromine isotopes col- 
lected on the electrodes. The yields obtained on one of the electrodes showed 
the occurrence of a notable isotope effect in the formation and collection of the 
isotopes Br-80 and Br-82 in contrast with its absence between the two isomers 
Br-80 and Br-80m as shown by their characteristic values (yjtTn). 

There is lack of agreement in respect of whether or not an isotope enrichment 
occurs in the products of recoil processes. Fox and Libby (1962), Rowland and 
Libby (1963) and Chien and Willard (1964) find no isotopic effect in the retention 
in the case of iso-and ra-propyl bromide, while Shaw (1961, 1956) as well as Capron 
d al (1962, 1963) observe the isotopic effect at least in the case of aromatic com- 
pounds. Capron et al (1958) were the first to report isotope effect in liquid phase 
using the radio chromatographic technique. 

The spectrum of gamma rays of neutron capture is different for the isotopes 
Br-80 and Br-82 therefore, it is natural to expect variations in tho behaviour of 
isotopes of bro min e activated by (», y) process. The success with bromobenzone 
encouraged to investigate the isotope effect in liquid phase with other organic 
compounds such as OgH^Br, OgHgBrg and CHaBr, following the charged plate tech- 
nique. The reason behind adopting the charged plate technique is not only its 
simplicity, but also the fact that one of the best methods of collecting radioelements 
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free from any inactive material is the application of an electric field either to the 

gawoouH or to the liquid phase. The failure of the chemical method in observing 
the isotope effect witii ethyl bromide and methylene dibromido is well known 
(Nestneyaiiov ct ul 1059,. 8hnw 1957) while we have succeeded in observing the effect 
with the charged ])la(e teciinique. Further, in our ('xperinients it was unneces- 
sar\- to have th(' presence of any foreign halogen atoms to observe the effect as 
mentioned by Nc'soineyauov cl al (19G1). The present, paper deals with the results 
for the eolleetion on charged plat es of radioisotopes of bromine in a state of high 
speeitie aeti\ ity and the as.soeiated i.sotope-effect. 

E X P E K J M E N T A L 

About .‘150 ml. of the organic compound was hradiated in a silica glass bc'akor 
\\ith a .‘KM) mO Ra | Be neutron source with an integial intensity of 3.2 X lO* N cm®/ 
see j»liing('d iji the li(piid. The neutron source was surrounded with 2.2 cm of 
pnraflln and a thin walled gla.ss tube. Tin* eJeetiodes consi, sting of two parallel 
plates of silver with a trace of AgBr were plae<'d m'arly 0 ems ajrart and symmetri- 
caliy with respect to the ]>Iunged neutron .source. The beaker, containing the 




'An Isotope Effect in the Collection of Recoiled Products, etc. 41 

organic Bubstanco for irradiation was scaled with a circular glass plate. Further 
the system was completely surrounded, from all sides, with paraffin blocks of 
1.6^ thickness in order to check the escaping neutrons. The target substance was 
put for irradiation for a period of 9 days, in ev^ry experiment, corresponding to 
six times the half-life of the longest lived isotope. During the end of irradiation 
the electric field was applied for one and half hc^rs or for five hours as required. 

The electrodes, after drying, were put ben^th a G.M. counter for measure- 
ment of the activities. Normally the counting done by introducing the silver 
plates in the grove of the lead castle mounted w^ith the end window Saip 

counter. Liquid activity was also determined, Irith the help of a Mullard liquid 
G.M. counter, by measuring the activities beforifc and after applying the electric 
field. Thus it gave a measure of ‘retentivity’ \^ich was found to vary between 
60 and 70% for all the isotopes considered together. 

R K S V L T S 

The activities collected on the electrodes were measured with the help of a 
thin end window Saip G.M. counter separately. They were plotted on a semilog 
paper against time and the analysis of the decay curves so obtained gives the 



Fig. 2* Analysis of tho decay curves of the octivity collected on the anode, 
1. Decay curve : Br*80, Br-80m & Br.82 ; 2. Decay curve : Br-80 A Br-aOm, 
8. Balf life lino: Br-80« 
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fractionaJ yield of the various species of radio-isotopes present during the appli- 
cation of the field. These decay curves (figs. 1 and 2) which aro the typical of 
numerous observations show that the activities produced are Br-80, Br.80m 
and Br-82. Tt is quite probable that some of the last actitivies were directly 
formed from the target Br-79. 

The relative yields of the different activities collecting on the electrodes 
aro given in Table I and IT are typical of a series of experiments. 


TABLE 1(A) 

Duration of the Applied Field-1. fihrs. 


Imidiatod 

Compotmd 

Activity 

Anodo 

Cathode 


Total 

36 hr. 

18 min. 

4.4 hr. 

9,200 

3,800 

2,300 

3,100 

6,173 

2,460 

1,673 

1,160 

criiBro 

Total 

36 hr. 

J 8 min. 

4.4 hr. 

10,580 

4.200 
3,180 

3.200 

6,948 

3,000 

1,748 

1,200 

OaHftBr. 

Total 

3n hr. 

18 min. 

4.4 hr. 

6,339 

2,400 

2,139 

1,800 

3,672 

1,800 

1,112 

660 


TABLE 1(B) 


Duration of the applied field 

-6 lirs. 

Irradiatod 

Oompoiiiid 

Activity 

Anodo 

Cathode 

CjHaBrj 

Total 

36 hr. 

18 min. 

4.4 hr. 

14,076 

4,200 

6,970 

3,900 

6,692 

3,800 

777 

1,115 

CIJoBr, 

Total 

36 hr. 

18 min. 

4.4 hr. 

14,764 

4,600 

6,364 

3,800 

6,375 

4,200 

1,000 

1,180 

(VifiCr 

Total 

36 hr. 

18 min 

4.4 hr. 

3,308 

1,080 

1,328 

900 

1,686 

676 

841 

170 


18 min. activity directly formed from the + lialf value together with the 

y y med from the target represents the total Br-SO ooUeoted. 
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Table II(A and B) shows the net values of the different radio-isotopes directly 
formed from the target. 


TABLE n(A) 


Oompoiuid 

Isotopes 

An^e 

Cathodo 


Br-dg 


2,450 

C2H4Br2 

Br-80 


1,673 



l,5f) . 

675 


Bf.82 

4,2^ 

3,000 

CHaBr, 

Br-80 

3.1® 

1,748 


Br-80m 


600 


Br.82 


1.800 

CaHftBr 

Br-80 

3,13| 

1,112 


Br-SOm 

90D 

330 


TABLE 11(B) 


Compound 

Isotopes 

Anode 

Cathode 


Br-82 

4,200 

3,800 

02H4Br2 

Br.80 

5,976 

777 


Br-80ixi 

1,950 

567 


Br.82 

4,600 

4,200 

CHaBrj 

Br-80 

0,304 

1,000 


Br-SOm 

1,900 

590 


Br-82 

1,080 

576 

CjHsBr 

Br-SO 

1,328 

841 


Br-SOm 

460 

85 


DISCUSSION 

The maximum enei^y of the recoiled atoms of bromine, after (n, y) reaction, 
carried out on thermal neutrons is equal to 174 ev. The capture of a neutron 
is accompanied by 3-4 gamma quanta, therefore it can be expected that the aver- 
age energy of the recoil atoms of bromine will be of the order of 40-50 ev. On 
the attainment of tliis much of energy reactions with the participation of recoil 
atoms become possible. These reactions leading to stable end products are res- 
ponsible for the reaction of the typo (1). 

RBr-|-Br*-> RBr*-f Br (1) 

In gaseous state, bromine atoms or ions produced, as a r^ult of (n, y) reaction, 
are able to undergo bimolecular displacement reaction (Willard, 1961). But it 
is difficult to say accurately about the history of a hot atom in a liquid. It will 
be also difficult to predict about the effect of the dense molecular environment 
of the liquid upon the bromine species from the information of the mechanism 
of such reactions. But the high retention observed in Szilard Chalmers’ 'reactiop 
suggests the above reaction, 
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Tho result of Capron d al (1946) point to the appearance of ionization at some 
stag(> in the process of recoil. Both positively and negatively charged species 
of Bi -8() and Br-82 have been found in our experiments. Whatever may be the 
duration of the applied field, it is observed invariably that there is a higher enrioh- 
nicnt of negatively charged species than the positive ones. Not only the negatively 
charged species of Br-80 are more compared to positively charged Br-80 but a 
similar occurrence of Br-82 speeios has also been observed. This suggests, pro- 
bably, that there is a similarity in the behaviour of Br-82 and Br-80 recoiled atoms 
at least regarding their collection on the electrodes. We know that Br-80 exists in 
tw'o stales i.e. Br-80m and Br-80. The meta-stable state Br-80m decays with 
a half life of 4.4 hrs with the emission in series of two gamma quanta of energies 
49 keV and 37 keV respectively to ground state of 18 minutes half life (Strominger 
d al 1958). Emery (1965) and Anders (1965) have found out recently that Br-82 
exists in a metastable state with a half life of nearly 6 minutes. The metastable 
state of Br-82 i.e. Br-82m decays with the emission of a gamma quanta of energy 
43 keV to ground state of 36 hrs. half life. Due to high factor of internal con- 
version associated with tho transitions of Br-80m— > Br-80 and Br-82m— > Br-82 
a good fraction of the initially formed Br-80 and Br-82 are expected to be in tho 
positively charged state following considerable electron lo.ss duo to Auger 
effect. The accumidation of charge due to Auger effect may lead to mole- 
cular dissociation as shown by Goldsmith and Blucrer (1950). The occurrence of 
such molecular dissociations were considered theoretically by Cooper (1942) on 
the basis of Franck-Condon principle. Studies in the field of (n, y) reaction on the 
halog<m molecules have demonstrated that the C-Br bond ruptures in virtually 
every event (Suess 1940, Libby 1941 and Wexler and Davies 1952). In most of 
the cases the halogens are found to bear a positive charge. These considerations 
account for the positively charged species and of the concentration of Br-80 and 
Br-82. Consequently, under a high electric field thc^re should be a higher enrich- 
ment on the cathode. But the results obtained point that it is not tho initial 

charge of tho fragments, but their subsequent history that determines on which 
electrode they will be deposited. 

Considering the results of isomeric transition Geissler and Willard (1963) 

have put forward a new hypothesis known as ‘Auger Electron Hypothesis’. 
According to them, ilio reaction 




does take place. This arises because of the localised radiation chemistry created 
by the internal conversion and tho Auger electrons omitted by the recoil atoms. 
On the basis of this hypothesis the higher yield observed on the anode is easily 
sZr« f n contribution to the high activity of negatively chained 

r “““ ^ to their high cross-section. It Is found di^ 

the course of experiments that the activity of the positive electrode is much affboted 
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compared to that of the cathode when the duration of the applied field is small 
(i.e. 1.6 hrs.) This observation points out that the negatively charged species 
develop during the collection. This supports the reaction suggested by Geissler 
and Willard. 

The occurrence of an isotope effect on i^e relative yields of radioisotopes 
Br-80, Br-80m and Br-82 collected on an ole«|trode has already been reported in 
ease of bromobenzono following charged platjit technique. As given earlier the 
relative yields (y^) for a given species is \ 

I 

7i = ^iniCTi J 

where a (, and arc the capture cross-.secti^, the amount of target nuclei and 
the fraction of the given products finally collditing on an electrode respectively. 
This would be the same for all species in the alkence of an isotope effect. Tables 
Itl(A) and IH(B) show the relative yield together with the available data for 
percentage natural abundance and capture cross-section (tr) of the corresponding 
target nuclei Br-79 and Br-81, 


TABLE ITr(A) 

Duration of the Applied field -1.5 hr. 


liTacliatod 



Abundance 


Product Yields 


Substance 

Turgot data 

CT (baniB) 

n% 

Y Anode Y 
au 

Y Cathode 

yfati 


Hr.79 (18 min) 

8 5 

50.5 

2,300 

5.3 

1.573 

3.6 


Br.79 (4,4 hr.) 

2.9 

50,5 

1,550 

10.0 

575 

2.9 

Br-81 (36 hr,) 

3 . 5 

49.5 

3,800 

22 2 

2.450 

15.0 


Br-79 

8,r» 

50.5 

3,180 

7.5 

1,748 

4 0 

OlIaBi'a 

Br-79 

2 . 9 

50.5 

1,000 

10 9 

000 

4.1 

Br.81 

3.5 

49.5 

4,200 

24 5 

3,000 

17.5 


Br.79 

8.5 

50.5 

2,139 

5.0 

1,112 

2.5 


Br.79 

2.9 

50.5 

900 

6.1 

330 

2.2 

Br-Sl 

3.6 

49.5 

2,400 

14.0 

1,800 

10.5 


TABLE IIT{B) 

Duration of the applied field -5 hours 


Irradiated 

Substance 

Target data 

a (bams) 

Abun- 

dance 

n% 

Product Yields 

Anode Cathode 

Y '^jan Y ylan 


Br-79 (18 min) 

8.6 

60.6 

6,976 

13.9 

777 

1.8 

CaH,Bra 

Br.79 (4.4 hr.) 

2,9 

60.5 

1,960 

13.3 

567 

3.8 


Br-81 (06 hr.) 

3.5 

.49.5 

4,200 

24.2 

3,800 

22.2 


Br-79 

8.6 

50.5 

6,364 

14.8 

1,000 

2.3 

CHaBra 

Br.79 

2.9 

60.5 

1,900 

13.0 

690 

4.0 


Br.8l 

3.5 

49.5 

4,600 

26.8 

4,200 

24.6 


Br.79 

8.5 

50.6 

1,328 

3.4 

841 

1.9 

OaHoBr 

Br.79 

2.9 

60.5 

450 

3.1 

86 

0.6 


Br-Bl 

3.5 

49.5 

1,080 

6,3 

576 

3.3 
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It is obvious from these tables that isotope effect can bo visualised on either 
eleotrodo under different durations of the applied electric field. From Table 
J 11(A) the effect is found on the cathode when the applied field is for a duration 
of J .5 hi'. Tlie fractions of the positively charged atoms may differ among the 
different isotopes of a given element on account of the variation in their coefficients 
of internal conversion with the capturing nuclides. This accounts in part the 
occurence of isotope effect. Under a high electric field those species are collected 
on one of the electrodes and as a result we got isotope effect on the cathode as it is 
clear from tlie charactcri.stic values of the cathode from Table III(A). However, 
the (iffcct is observed as Avell on the anode plate when the field is applied for a 
duration of livt* hours. Wc have already pointed out that the Bf-ions develop 
during the course of applied fiedd. From the duration of the applied field and 
absonci' of the effect on the cathode in table IIl(B) indicates that probably the 
positively charged species might have undergone reactions on account of their 
high reactivity. It is interesting to note that the isotope effect is observed only 
on one plate at a time. Probably the species formed as a result of (n, y) reaction 
and isomeric transition undergo the reaction (2) suggested by Geissler and Willard, 
thus giving rise to isotope effect on the anode. A surprising similarity between 
the isotopes Br-80 and Br-82 is that both of them have got a metastable state and 
a high transition probability to their ground states. 

An interesting feature of the experiment was that during the last 3.6 hours 
of the collection the increase in the activity on the cathode is mainly due to the 
contribution of positive species of Br-82 atoms as compared to Br-80 which indi- 
cates that the rate of reaction is different for Br-80 and Br-82, Showing thus 
that Br-82 positive ions preserve their entity in the liquid for a Jongor time than 
Br-80 ones. Phis may raise a point that the charge developed on the Br-82 ions 
is not as much as in case of Br-80 ions. 


AOKNOWLEDGMENTS 

The author is grateful to Dr. B. M. Shukla, Reader, Department of Chemistry 
for the valuable guidance and to Dr. G . B. Singh, Professor and Head of the Depart- 
ment of Chemistry for providing the laboratory facilities. 


Anders, 0. 
Amikar, H 
Capron, P. 
Capron, P. 


Capron, P. 
Capron, P 
ful 
Chien, R. I 
Cooper, E, 


REFERENCES 

U. 1966. Phys. Rev. 138, No. IB, B-l-BS. 

J., and Lai, A., 1960. Indian J. Phys. 84 , 441. 

C., Stokkmk, O. and Van Meerssche, M., 1946. Naiuret 167, 806. 

C. and Crevocour, 1952. J. Chim, Phys., 20, 1403. 

J. Chem. Phya., 21, 1843. 

C., and Oahima, 1952. J. Ohsm. Phys., 20 , 1403. 

C., Colas, P., Oaiy and Deblosieux, J ., 1968. Proc. Second Int. Oonf, Peace. 
>s of Atomic Energy, Geneva, 20, 240. 

3. H.. and WUlard, J. E., 1964. J. Am. Ohem. Soo., 76 . 4736. 

1042. Phya. Bev. 61 , 1, 



An Isotope Effect in the Collection of Recoiled Products, etc. 47 

Emery, J. P., 1965. J. Inorg, Nud. Ohm. 27, 903. 

Fox, M., and Libby, W. F., 1962. J. Chem. 20, 487. 

OeiBsler, P. R., and Willard, J. E., 1963. J. Pkya. Ohm. 67(8), 1675, 

Qoldsmith, G. J. and Bluerer, E., 1960. J. Phga. and Colloid Chem., 64, 717. 

Libby, W. F., 1941. Science, 97, 383. 

1047. J. Am, Chem, Soc., 69, 2^3. 

Milman, M., and Shaw, P. F. D., 1966. J. Chim. Soc. 2101. 

1057 . J. chitm. Soc. 1803. 

Nosmeyanov, A. N., and Borisov, E. A., 1969. $adiokhmiya, 1, 86. 

Nosmeyanov, A. N., Filatov, E. S., Borisov, E. A.|end Sbukla, B. M., 1961. Proc. Symp. 

Ohm: Effects of JVmcI, Trans. I.A.E.A., Vioi^a 1, 259. 

Rowland, F. S., and Libby, W. F., 1963. J. Chim. Phya., 21, 1495. 

Shaw, P. F. D., 1951. J. Chem. Soc., 443. i 
Shaw, P. F. D., and Collio, 1966. J. Chem. Sot^, 434. 

Stromingor, D., Hollander, J. M,, and Seaborg, Gk T,, 1958. Eev. Mod. Phya. 80, Pt II, 
649. 

Sue&s, H., 1940. Z. Phyaik, Chem., B-45, 297., 312. 

Woxlor, S., and Davies, T. H., 1952. J. Chem. Phya. 20, 1688. 

Willard, J. E., 1961. Proc, Symp. Chem. Effects of Nucl. Trans. I.A.E.A. Vienna, 1, 
215. 



6 


GAMMA-GAMMA DIRECTIONAL 
CORRELATIONS IN Pr'« 

8. L GUPTA AKi> N. K. SAHA 

Dlor VltTMLNT {»!<' I'll VSR'S ANJ» ASTHoPHYKlCS 

ILnivrrsity of Dklhj, T>elhi*7. 

{Rpcrivcd March 25 , 19 () 6 ) 

ABSTRACT. Tlio gammu rays of energy region 34-100 koV. following Iho botn Horny 
of have heeji stiKliod nsmg roineidoneo and diroclioiuil correlation methods, taking earo 
of th<‘ liighly diHtarhing scattering offecds in this region. The correlation function found for 
the 54-80 koV cascade supports the spin assignment of 0” for tho ground state. It is 
furtlior shown that tho diro^d angular eorroiafion moasuroraent of tho 34-100 keV (‘aseado 
cannot load to any unambiguous spin assignment of the ground state. 


INTRODUCTION 

The spin of the Pr«« ground slate haa been the subject of considerable conlro- 
versy in recent years. ()- spin and parity assignment was made to this state in 
the level schcrao (Fig, J) of Pri« deduced by Geiger H al. (1960) from a careful 
moasurement of tho cotivcrsion electron spectrum and the conversion line intensity 
ratios following the beta decay of Cei«. This was later supported by conversion 
oloctron-gamma and gamraa-gamma coincidence studios (Geiger et. al, 1961) 
of the Pri« gamma transitions. Several other authors (Raghavan and Steffen, 
1963; Porter and Day, 1969; Hess et al, 1963), on the basis of studies of the beta- 
gamma directional correlation and the beta spectrum shape in the Pr^"— 
deoa,y, have also confirmed the O' spin assignment. On the other hand, the 
results of the beta-gamma circular polarization and directional correlation measure- 
monte (Graham ^ al.. 1958; Eman and Tadic, 1963; Hess ef al., 1963; Collin el 
a . 1963, Lobashov and Nazarenko, 1961) in the PH«-Nd«‘ decay do not corn- 

been careMy analysed by Singru et al (1963) who conclude : "No unique spin 

Zrr tr' basis of tho availawlir 

Pri« XmTthate '■ heta-transitions, A unique spin assignment to tho 

beta L jramm I T ’ experimental data on the 

beta and gamma transifons m the Cei«-Pr»4 decay are properly interpreted” 

been \ ^ 5"“ I' *» ‘be m keV exeited etate ha> 

^ ^ “kerne (Fig. 1) « well « 6„„. ft. brt,. 
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gamma directional correlation measurements made by Collin et al. (1963), 
following the Ce^" beta decay. 



Fig. 1. Dooay scheme of as proposed by Ueiger et al. 

Tho two gamma-gamma cascades following the decay, namely, 

34-100 k(^V and 54-80 keV both involve the ground si ate as well as the 134 keV 
(‘x<;itcMl state of The 80 and the 100 keV gamma transitions feed the ground 

state of Pr^^(Fig. 1) and are expected to be pure multipoles, if the ground state 
spin were to be 0"*. From the internal conversion studies of Geiger H al. (1960, 
1961), it is clear that the 80 keV transition is >99% JMl. As regards the 
100 keV transition, the internal conversion measurements (Geiger et nL, 1960; 
Geiger et al., 1961), though consistent with its pure E2 character, do not rule out 
the possibility of an appreciable Ml admixture ( -^ 25%) in this transition. 

The original aim of this W'ork was to analyse the multipole mixing of the 
100 keV transition by carrying out the gamma-gamma directional correlation of 
tho 34-100 keV cascade, for which very scanty data (Bhattachar 3 ’ya and Shastry, 
1963) exist at present. This would also calrify the ground st^te spin of Pr^^^. 
Strongly iutorfering coincidence counts from this energy region and the extremely 
low intensity of the 100 keV transition, however, made such a measurement 
inconclusive. The results of our coincidence and directional correlation measure- 
ments on this cascade as well as those of other authors (Sengupta et al, 1959; 
Bhattacharyya and Shastry, 1963) are discussed here and their inconclusive charac- 
ter brought out. Alternatively, we considered it worthwliile to examine the ground 
state spin of Pr^*^ from the gamma-gamma directional correlation measurement 
of the 64-80 koV cascade, which has so far been investigated only by Zuk et al. 
(1963). Tiiis measurement promises to decide finally the spin and parity assign- 
ment to the ground state. 

EXPERIMENTAL PROCEDURE 

The gamma ray scintillation spectrum of is shown in Fig. 2. A perspex 
disc of suitable thickness was intei'posed in front of the crystal to reduce beta 
7 
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contribution from the decay of Pr^". All coincidence measurements were carried 
out usiim a fast -slow coincidence assembly with an effective resolving time of 



7 ^ »‘j() us. 'Flu' coinc idence* s])(*clra arc recorded l»y s(*ttin;LC oik* spectroinelc^* first 
on tin* 34 and then on the 80 keV region. TIu* n'snlts of the ganinia-gamnia 
coiiKiidenee and llie gannna-gamrna dirc*ctioiial lorn'lation nieasun rnents of the 
54-SO k(‘V cascade are discussed in tJj(* following sootions. 

G A M M A-G A M M A (’ () J X D E N (' E M E A 8 U HE M E N T S 

Tlui ob 8 crv(‘d gamma ray spectrum coincident with the Pr K X-rays (---35 koV) 
is shown in Fig. 3. The spectrum is similai* to that obtaim‘d by Sengupta et al. 
(1059). Jt sliows a stiong peak at KX) keV of intensity comparable to that- of 
0 ^- 80 . Tli(> saint* s]H*ctrum record<*d by Geiger H ah (1961), with proi)crly shielded 
crystals, sliows, liowevor, an almost complete absence of a peak at 100 keV. 



PULSE HEIGHT 

tog. 3. Oumma, lay spoctnun in Roinddoiue with the Pr K X-rays. 
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The computed relative photopeak intcriBities in this coincidence spectrum based 
on their decay scheme (Fig. 1), assuming that the gate includes the Pr K X-rays, 
7-34 and 7 - 41 , are in reasonable agreement with their observed coincidence 
scpectrum. The computed relative photopcak mtensity expected at 100 keV is 
only ^4% of the observed photopeak intensity at SOkeV and is not expected to bo 
resolved in the spectrum. The relatively strong pfliak at 100 keV in the coincidence 
spectrum observed in the present work and that dl Sengupta et al. (1959) is, there- 
fore, not explained. It may presumably arise as f result of the contribution from 

(a) the Compton scattering of the 134 keV quanti from one crystal to the other, 

(b) the escape of the Iodine K X-rays from one ^ystal'to the other and (c) the 
neighbouring peak at the SOkeV. The presence; of interfering coincidences duo 
to (a) is directly confirmed by us by taking a Ce^^ source and observing that false 
coincidences are produced by Compton scattering of its 142 keV gamma ray at the 
same channel settings as in the actual experiment. 

It is clear that with the two counters mutually shielded from each other, 
the actual number of 34-ldO koV coincidences would indeed be exremely small 
because of the very weak intensity of the 100 keV transition. Consequently, 
these would not b(^ resolved in the coincidence spectnun in the presence of the 
strong neighbouring peak at 80 keV. 

The directional correlation of the 34-100 keV cascade has been measured by 
Bhattacharyya and Shastiy (1963) who seem to hav(^ observed a measurable 
area under the 100 keV^ peak in the coincidence spectrum of the Pr K X-rays. 
The corndation function obtained by- them is 

W{e) 1 -(0,226 .1^0.030) ^2(008 6^)+(0.018±0.030) /^^(cos 6), ... ( 1 ) 

The directional correlation measurement carried out by ns for this cascade also 
showed B>VL A 2 value [— (0.270±0.038)] comparable to the above f—(0.226±0.030)]. 
The theoretical values of the expansion coefficients and for the 1(M1)2(E2)0 
cascade are —0.250 and 0, respectively. These directional correlation results, 
therefore, apparently support a 0- spin assignment to the Pr^^^ ground state 
and an E2 multipolarity of the 100 koV transition. Both these measurements, 
however, have been made without correcting for the various contributions to the 
coincidence counts as explained above. It is, therefore, difficult to attach any 
significance to these measurements, as the results obtained may arise almost 
entirely from the spurious coincidences expected in this energy region. We 
would rather conclude that a reliable measurement of the directional correlation 
of the 34-100 keV cascade is not feasible and thus nothing definite can be said about 
the multipole character of the 100 keV transition from this directional correla- 
tion 6X{>erin:i6nt, 
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(! A MM A-(^ A AFM A DIRECTIONAL CORRELATION OF 
T H E 54-80 O A S C A V E 

IT^in^ double^ the \'(dtage to allow adequate separation betw'een the 
various gcamnia rays, the observed ganiiiia spec^truin coincident with the 7 - 8 O 
is n^prodiicod h) Fig. 4 The estimattal shape of the 5i keV gamma line is also 
indicated by the daslied liiK* in this figure. The broadening of the K X-rays 
photopeak on il.s liigher caiergy side .s(‘ems to indicate the contribution of Compton 
scattering of ihe j:>4keV quanta. 

For measuring tin* dirt'ctional correlation of the 54-80 keV cascade, one of 
the spe( 4 r(>}n(‘<f'is was s( I on tlie lower half of the 80 keV photoy 3 (\ak and the other 
on tiie liigii f'Hi'rgy side* of th(' 51 leV peak, as obtained in the coincidence spec- 
Inirn of* Fig. 4. 'Ffjf' >vindows thus selected are intended to suppress almost 



Pipt- t. (J imrna ray sped rum iii .-.inci.lenpo with thu 80 koV phol r.ponk. 


t'ot.iplptoly tlio f-lfoot of Cotnpfcon scatL-t ing of flit- 134 keV quanta. The inter- 
fort nee from ( he neighltouring Fr K X-ray.s ,>eak (Fig. 4) is thereby also eliminated. 
A test eotneulence incasuirment earri<>d out u ith a Ce^i-soure.t^ at theHe window 

Ht^ttngs proved the eltcctivenoss of protection against the spurious coincidenoes 
Clue to Compton scatte.ring. 

fixed drotor-''’n 270^ with respect to the 

cients -ifter em n -1 ' ^ f normalized expansion coeflS- 

cents, afte, co.roctmg (or hnite angular resolution, are : 


> 1 . - 


-().168i0.030, .4, 0.022^0.077. 


(2) 


tahlished as 1 - from Ve'lvdlabT convincingly ea- 

al. 190.3). We also LoH t CJolIin 

ception of y .,59 and y 100 ai-rM^ ti-ansitions in Pr“* with the ex- 

As explained eadW Ihe^;ou:u . admixtu... 

possible spin sequeno!^r “ ^ T 

E2 admixture in both the 54 and the 80 Tv?*'’ 

0 keV transitions, the probable limits of 
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the expansion coefficient A.j,, computed theoretically, corresponding to the 
three possible spin sequences are as follows : 

(i) 1{D, Q) l(D)0^ --0.37 < A. < -0.08, 

(ii) 1(A Q)i - +0.016 <A^<k +0.28, 

(iii) 1(A ©)2(I>, (2)1- +0.09 <A^4 +0.36. 

where D and Q denote the dipole and quadrupcle contents in a transition. The 
experimental A.y^ —(0.168+0.030) value, obtained by us, is only consistent 
with the spin sequcjice (i) and provides a most eoi|vincing evidence fora 0“ ground 
state spin assignment of Conclusions driwn earlier by Zuk et aL (1963) 

from the directional correlation measurement off this cascade also fabour a 0“* 
spin assignment. Their experimental value —(0.102 + 0.020) is also com- 

patible only with the spin sequence (i). 

CONCLUSION 

Tt is thus possible to make an independent check of the ground state spin 
assignment of Pr^^'^ from the gamma-gamma directional correlation of the 54-80 keV 
cascade only. The 34-100 keV cascade leads to inconclusive results. Also 
the contradiction existing in the gamma ray spectrum in coincidence with the 
Pr K X-ray observed by Geiger et al. (1961) and by Sengupta et al. (1959) is ex- 
plained. 

Geigoi’ et al. have tried to explain the 0“^ ground state spin of on the 
theoretical gi’ounds. Although the situation is quite complex in odd-odd nuclei, 
tliey hav(‘ proposed an interpretation on the unified model in terms of the intrinsic 
odd nucleon level assignments of Mottelson and Nilsson, which seems to account 
at least qualitatively for the said ground state spin assignment. 
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THE MEASUREMENT OF THE ICC OF THE 192 keV 
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ABSTRACT. A method employing mtenial-eAtemahconversioii technique using a 
\v»ll*type plastic sciontillation spectrometer (Raja RSo and Jnanananda^ 1965) is adapted 
for the measurement of the ICC for the 192 keV transiwon in In- 114m with foils of Ta and Cd 
as external converters. The average value obtained for the deduced a/fc— 1.96 ±0.29 which 
is compared with the theoretical values of Rose and Sliv. 

INTRODUCTION 

Measuioments of Steffen (1951) have shown tliat for a^. values the multip(de 
assigiiiiK'nt for this 192 keV transition could be E4 while for KjL ratio the assign- 
ment could be E5. This discrepancy had been resolved by other measurements 
(GraboM^ski et u/, 1962, Daniel et at, 1963 and Kleinheinz et al.. 1964) on KjL 
ratio which support the E4 assignment. However, the KjM. KjM-iN and 
KjL^~ M-i-N ratios as determined by a precision method (Daniel et al., 1963) 
are found to be consid(‘rably higher than the theoretical computed values. There- 
fore a rcnieasur(‘ment of possibly with a different technique, serves as a check 
in establishing the multipok' aHsigiiment. The present intornal-external-convcT- 
sion techiii(ju<» employing a beta scintillation spectrometer (enables an independent 
measurenu'iit of the total ICC, a. The multipole assignment is fixed on comparing 
the deduced value u ith the theoretical values (Sliv and Band, 1965, Rose 1958). 

EXPERIMENTAL 

The In-1 14m isotope, having a half-life of 50 days, is obtained in liquid form 
with an activity of 1.5 m C/ml from the Atomic Energy Est., Trombay. The 
source is spread over a circular area of diameter '^6mm on a thin alkatheno film 
of thickness '^2mg/cm^. On evaporation the source thickness is 200 micro 
gms/cm®. The mounting of the source, the collimator, tlie geometry and the reat 
of the experimental arrangements are described in the author's earlier paper 
(Raja Roo and Jnanananda, 1966) in %vhich the experimental procedure also 
is described in detail. 

The observed electron spectra for low gain and Ixigh gain adjustments of the 
amplifiier are plotted as shown in Fig, 1. In order to arrive at the value of the in- 
tensity of the conversion electrons (whose average energy indicated by the peak 
being 176 keV), the underlying beta continuum had to be subtracted. The spectral 
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Pulst) height in volts. 

Fig. 1. Betn, jiiid eorivorsion ohn-trou spectra of rn-J14m source. The poirils o njirost iit the 
lotul si)oc(rum for low gain of th(? amplifier. Tlie points represoiil the <*ojiv'orsioii 
(doctroiis at high gain. The paints u represent the extrapolait‘d beta spectrum ob* 
lainofl from Fig. 2. 



Fig. 2. Bota apectmm of Iu.H4m aouroe translated into momentum distribution. The te- 
cor^d spectrum is represented by 0 and the continuous line is the extrapolation to tho 
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shape of the continuum in the low energy region is found by the following method: 
The observed spectrum is transferred into that of a momentum distribution, 
i.e., Bp vs counting rate per unit Bp^ employing published tables (Gerholm, 1955), 
as shown in Fig. 2. Assuming that in such a momentum distribution a beta 
continuum starts from the origin, the observe^ continuum is smoothly joined 
to the origin. This extrapolated part, on transjformation back into the corres- 
ponding counts/channol width in the energy scal |5 and then again into the pulse 
height in volts vs counts/ channel width, indicatei the spectral shape of the conti- 
nuum in the low energy region as shown in Fig. 1; The observed conversion line, 
area (a^), occupied by the conversion peak, is melwrured twice on different days 
A and B as 69.6 cm^ and 69.1 cm^ respectively whs|i plotted to a scale of 5 volts/om 
on the X-axis (Xg) and lO^c/4 min/cm on the ]t*&3:is (Yg). These values of 
are corrected (ref. 7) employing the factors (i) for geometry, = OrjGg = 0.0053/ 
0.0038, (ii) for air -f window absorption, = 1*18 and (iii) for phosphor-back- 
scattering of electron, = 1.365. The values for the true conversion electron 
intensity per min. Ng = (tgXgY for A and B are 19.496x10® and 19.362 
X 10® respectively. In view of the above mentioned extrapolation and the small 
inaccuracies in the corrections as well as the negligence of other not very signi- 
ficant corrections at this energy region, the Ng values are accurate limited to an 
estimated error of 10%. 

Gamma ray measurement is made by recording the photoelectron liberated, 
on external conversion, in foils of tantalum (S.TSmg/cm^) and cadmium (11.97 



Fig. 3. Comma spectra of IhdHm source. The points o represent the spectrum with a Cd 
external converter and the points # that with the oompton-equivalent Al target. 
The insert shows the photoelectron distribution. 
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mg/cm2) of diameter 1.039 cm. after having stopped all the beta groups from enter- 
ing the detector with a suitably thick Al stopper. The converter is located inside 
the well of the phosphor as described in a previous paper (Raja Rao et al. 
1965). The observed spectra with the cadmium converter and a oompton 
equivalent aluminium target a.s well as the resulting photoeloctrons peotrum 
arc shown in Fig. 3. The photoolectron line area (up) as measured on the 
plots scaled to 5 volta/cm (Xp) and 100c/30min/cm (Tp) are obtained as 25.1 cm* 
(Ta, A) and 10.89 *cm*(Cd. B). The corresponding values for gamma intensity 
AV - OpXpypf^if„,if»JiJ(rX are obtained applying the factors for (i) the gamma 
ray attenuation in the .\1 stopper — 1.131, (ii) the angular distribution 
of the emitted photoeloctrons fad — 1.075, (iii) the absrorption of photoelectrons 
within th(> converter f,a = 3.09 (Ta) and 3.094 (Cd) and (iv) for the phosphor 
backscattering of the photoelectrons fpi, — 1.616 (Ta) and 1.389 (Cd). The 
value.s for Nf per min .are obtained as 4.718 X 10®(A) and 4.587 X 10®(B) on 
.substituting the values 205 (Ta) and 38 bn/atom (Cd) for the photoelectric 
cross-section rr (Grodstein, 1953), and for N, the number of atoms in the 
converter. The error in the value is estimated to be 10% because^ of the 
small inaccuracies in the several factors involved and also in view of the negligence 
of the coherent and bound electron scattering effects. 

TABLE I 


Trial 

(Converter 

Total IOC 
a=N,/N, 

A\^orago 

a 

Accepted 

K/L Exptl.aifc 

(ref. 1,2) a/(l+fL/K) 

Thoor.ajt 
for E4 
Rose Sliv 

Other exptl. 
a values 

1 

Ta 

4.131> 

4,176 

±0,044 

1.16 

1.94±0.29 

2. .5 2.26 

4.2±0.4 
(ref. 3) 


Cd 

4.22 





4.0 (ref. 4) 

11 

Ta 

4.164 

F . 

4.21] 

± 0 , 047 


1.96±0.29 


4.3±0.04 
(ref. 6} 


Cd 

2.58 







1. Gmbowski ot.al., 1962 

2. Kleinheinz ot.al., 1964 

3. Stoffon, 10.51 

4. Boehm ot.al., 1949 
6. Hoffman, 1967. 


retic!l^Z"^"™* 5 conversion coefficients (a and a*) along with the theo- 
value • ' coefficients are presented in Table I. The deduced a* expt. 

be seeWa valu^'^*' ftccuracy having a total error of 16%. As can 

E4 radiaL agreement with Sliv’s theoretical value for 192 keV 
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GENERATION OF NON-LINEAR DIPOLE MOMENT IN A 
TWO LEVEL SYSTEM 
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Depiutment of Phyhics, Indian Institute op Technology, Kharagpur 
(Hircivni May 3, 196G ; Resubjnitted AugtiM 20. 1966) 

ABSTRACT. With tho availability of intense sources it has been possible to observe 
non I inoar t'ffools in dipolo momonts in interactions where only two energy levels take part. 
Using the goometriral roprosentation for Schrodingor equation the expectation value for UQn- 
linear comjiorK'iit of dipole moment has been obtained. It has been demonstrated that a 
ponnanont dipolo moment must be present in the system for generating this effect. The non- 
I inoar component is soon to be appreciable for = «i2 and a ^ <013/2. tlopendance of this 
<'omponcnt on tho angle between the induced dipole moment and the oscillating field is shown 
to bo ^ Cos^ 0 sin 0 


INTRODUCTION 


The dipole moment induced in an atom, designated as a system, is seen, in 
general, to he linear in the frequency of the applied field. But it is possible to 
observe (bpolc moment which is not linear in the frequency of the applied field 
by using more intense sources than ordinarily available ones. 


This generation of the higher harmonics of the frequency of an electromag- 
netic field interacting with a material system (or an atom) has boon of much interest 
to in r.H»nt time,. (Frsnken and Ward, I8«3), These processes, inYoIvin- 

midhp ,„to„ transitions, m.y fcs sxplaincl by higher order pertnrbation th«,ry 
The Md re,, n, red to prodneo thet» effect, most be highly intenae and reoently 

trato this e ff f • f magnitude of the optical maser sources to demons- 

so it is rcasonahlft in !i-' ’ sources are highly monochromatic and 

(involving one transitiraT! states of the system 

of the annlied fieWi 'll i more or loss equal to the frequency 

optical C”'*" r" “ 8™*- 

has boon reported (Voalrn multiple photon transition 

Tusmanov 1965) Thlle inv2«v\ Tusmanov 1964; Klyshko and 

the sublevels of the ground sSeTf thrf"*"^ ® ““Jgnetio dipole transition of 
(DPPH). ^ ^ diphenyl picryl hydrazyl 
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The object of this article is to demonstrate the generation of harmonics of 
the applied field frequency in the cases where anly two levels are involved in the 
interaction and study the characteristics of the non-linear dipole moment. 

In the case of a two level system, a higher Jbarmonic generation will be pos- 
sible only if (i) there is a permanent dipole moilicnt present in the system or (ii) 
if the induced dipole moment itself is non-lineaf in terms of the field. We shall 
discuss only the case (i). The fact that a permanent dipole moment is a necessity 
for the above mentioned processes has also bee]| discussed in the restricted case 
of a magnetic dipole transition by Voskonyan, K]|rshko and Tusmanov (previous 
reference). We shall presently demonstrate a m^el, which is capable of explain- 
ing the phenomenon for a more general situati<|n. 

FORMULATION OF THE PROBLEM 

We start with a system of which only two non-degenerate energy levels are 
involved. The kwels are designated as level 1 with energy and level 2 with 
energy E^. Their transition frequency is which is always positive. 



Only a monochromatic field is considered. The interaction coupling the system 
to the electromagnetic field is of electric dipole type (Senitzky 1962: Bonch) 
Bruevich ei al,, 1965); the interaction hamiltonian being : 


F(0-~A-i?o(0 ••• (2.1) 

— > — ► 

where /i is the electric dipole moment operator and is the applied field. The 

field has been regarded as classical, but a quantum theoretical consideration does 
not change the results (Mandel and Wolf 1963). The dipole moment operator 
is assumed real for convenience. 

The wave function of a two level system is written down as : 

VHO = ••• (2-2) 

where is the wave function for state 1 and the wave function for state 2, 
and ag being the coefficients associated ivith them. The phase of i/r is of little 
importance when only two energy levels are being considered. 

The Schrodinger equation is then written down 

(H+V)i/r = in^^ ... (2.3) 

H is the hamiltonian for stationary states, with the exactly solvable eigen value 
equations 


ass 




... (2.4) 
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Substituting oqn. (2.2) into eqn. (2.3) we get 

Multiplying this equation with rjr, from left, substituting eqn. (2.4) and using the 
propertv of ortlionorinality of ii^, s( J — 8^) wo obtain 


ddi 

(It 





(2.6) 


and similar cqualion.s for ao, ff-t* and a.,* can be obtained. Vy is nothing but the 
cxpoctatioQ vaIiH‘ of T and is givon by J ijr^V^lrjdT (i,j == 1, 2). 

To find iho expoctation value of the dipole moment operator ft. directly, the 
geometrical re|)resGntation of the Schrodinger equation (Feynman, Vernon, and 
M(‘llwortb 1958) is used. 


W(‘ construct the thrcM' real components of a 3-vector r : 

— aia*2+a*i«a 

••• (2.6) 

1*3 = U'2^*2 

and also = aiai^~Vadi* 2 > which is not independaut. 

For a normalised ^ the value of r,| is equal to 1 (Feynman et al, previous reference) 


So the equation of motion for r is, using eqn. (2.5) 


djr 

dt 




(2.7) 


where co is a vector in the same hypothetical coordinate system, with 

CO^ = (1^12 !" ^2l)/^ 

<^h-^i(V^2-V2^)|ti ... ( 2 . 8 ) 

(Og == Wi2+(T^11 — Fi2)/^ 

The expectation value of the electric dipole moment operator is directly 
given by : 


<fi> = 

= J (a\if*i+a*.j;iJr\)fi{a{\Jrj+a2f^)dT ... (2.9) 

+®*2®2 / 

-> -4 *4 .1.^ 

== /^i/i+ J{/*u--'/t 82 )^j+i(/«u+/^aa)* 
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where is understood to be / = /tgj when /i is real and hermitian 

(Feynman et al., 1958, Previous Ref.) When the field is applied the contribu- 
tion to the eqn. (2.9) is predominantly due to the first terra, i.e., that component 

of /i which accounts for the transition between the two stationary levels. 

THE SOLUTION 

We assume the field to be sinusoidal (Eq E cos then the form of the 
interaction is : ■’ 


-// • E cos 


The equation (2.7) i-educes to : 


dr^ 

dt 



E 


sin («j;— (//ji— /f j^) • Elk cos otJ/’j 


(3.1) 


^iif ~ ' .S'/fe cos cos od 


„ 2 / 4,2 • E 
_-r, 


COS coi— ri 


2/4,3 • ^ 


sin cof 


(3.2) 


If one lU'glccts //n/fe and fi^Jk in comparison with o),.,, equation (3.2) arc 
formally similar to Bloch equations of magnetic susceptibility (Bloch 1946), but 
arc more general, and can be solved exactly by the rotating coordinate method, 
(Archibald 1952) to find the value of linear dipole moment. But the presence of 
a time d<'pendancc in 013 oorapouoat complicates the Hituation. 

The rotating coordinate transformation 


f'l = r, cos wt-f-fj sin ti>< 
r'g = — (r, sin tot— rg cos cot). 
r’, = r, 

with its inverse 

r, = r\ cos tot— fg sin tot 


»•» 

»•* 

gives us the equations : 


=s r'l sin tot — r'g cos tot 
= r', 


(3.3) 


(3.4) 


dr' 

W 


to'xr' 


... (3.6) 
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where 


w i - y 


_ 2/<i2 ‘ E 
h 


ro'a 0 


w'a = A+Scos wt with A = Wu— to; 8 ~ — (/<n~/*i! 2 ) 


We prtjceed by writinij for the r' eoinpoiieiits : 

cos tofjjj' — 0 

dr„'dt — lA+5 cos tofJ/j+yrj = 0 
dr^'jdt - yrg' ^ 0 


... (3.6) 


7’Jiis set of equations is not exactly solvable, bu( if is possible to solve them by 
an approximation. 

'fo solve tht' equations (3.0) the following substitutions are made . 


-f OP 

I'l = S tt„(y, , 




h' = S v„{y , , 

n»~oo 




... (3.7) 


4-flB 

•r*' = S f„(y, 


ft IS easy to see that {n = 0) terms are nothing but the contributions to 
and r., which are linear in the applied field, whereas (n = 0) term in r, is non- 
oscillatory. 

Substituting the equation (3.7) into equation (3.6) one gets : 

inn , A 1 it 
y" r 2 y ^ 

in 6) A 1 

y y 2 y = 0 ... (3.8) 


We substitute q = 
is quite justified as the 


^ A A 

y = y and assume 3 < <1. This assumption 
necessity of having a highly intense field to observe the 
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non linear effects points out that S is indeed very much smaller that y. We now 
expand and /•„ in powers of q to see how these terms depend on this para- 

meter 

u,,(q) = S 
v*-0 

«n(?) = S Vn^q” i ... (3.9) 

r«0 

rJa) = S 


These equations allow us to write equationtifr (3.8), after picking up similar 
coefficients of q, in the form : 

' ^ I 1 1 / » ^ . 

n i? I'-l !» i'— l) ~ 

7 ^ 

rtP"^ 1'— iH” ••• (3.10) 

7 


We shall also consider the symmetry properties of and which are : 

M -g) = ( -• 1 VvM ... (3.11) 

and 

^ti(-g) = (— i)X(g) 

which moans in equations (3.9) only even terms of the combination h+v will 
exist. An additional fact must also be coriHidered : when q is zero, cannot have 
an oscillatory term dependant on w, as under such a circumstance the equations 
(3.6) can be shown to b<‘ exactly solvable. So the tenns like are nonexis- 

tent. 

^«0 ~ ^nO^no ••• (3.12) 

Now' we shall solve equations (3.10) for specific n and v. 

For V = 0, the equations are independant of q, and reduce to the simpler 
case where there is no permanent dipole moment. So the equations reduce to : 

— — «n0+«»»t0 = 0 

y 

- V„„-««„o+» nO = 0 - (3-13) 

y 


(0 ni 

~y~ 


^•no— f„o = 0 
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It can be clearly seen, usiap: (iquation (3.12) that for n 0, 

'«„o an'i *’«o = *^’no<^»o 

which means no higher order solution w ill exist unless there is a permanent dipole 
moment present (d ^ 0). 

•r II K N O X L I N K A K i) I P O 1 . IC MOMENT 

Tlx- first order solutions of «„ and r„ with n — 1 give rise to u„y and v„, values 
which give a eoiifributio.i to the value- of dipole moment which oscillates tvith a 
li'oquency 2o). 

The same appro.vimation also gives a ex)ntribution to the linear part of the 

— ► 

(Ji]K>lc rii()j)i<'nt (wpoctation value < /i > through 
A\ riling equations (3.10) for n -- J, v -- 1 

i(ii , , I 

TT .> '’oo -- 0 

y ^ 

? Cl) J , .. / A t X. 

- ^ +^n -= 0 ... (4.1) 

/c) 

- - 'ii-Wii - 0 


We substitute the value of and from equations (3.13) (Moo = y/^^’oo 
= 0) and get : 


u 


11 


2(a)2-A2-72) 


•y ^ 

“ 2A(61*-A2_y2) ••• (^-2) 

These two terms give the majoi- conlributioa to the part of dipole moment 
which has a frequency of 2c>. The value uf r,, may also be noted and this will 
give a correction to the expectation value of dijmie moment with a frequency of 


r,i = - 


2A(<.>*— A*— y2) 


'00 


(4.3) 
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Now collecting the «ii, values and tracing back the substitutions 


ri = «oo+«u2e~*"‘ +••• 
ri = +... 


... (4.4) 


Collecting only tho real values and operating itio inverse transformation eqn. (3.4) 


2w 4(co®—A*— ’7 




4(w*-A*-7*)L a 


1 — rj^sinSw^ 
A J 


... (4.5) 


D T S (' U S S 1 O N 


The equations (4.5) give us the value of non linear dipole moment, both the 
non oscillatory part and th(‘ part v hieh has a dependance on 2o>. The non oscil- 
latory contribution to the expectation value, using eqn. (2.9) is 


4( coi 2— 72 ^ 


The 2(0 dependant part is. n(»glecting the second order term in : 




, 

4( to,2— (0)f <0®— '( w,2— «)* — y*] 


r<,o cos 2 Cl)/ 


... (5.2) 


As we are dealing with high frequencies, one can neglect 7^ in comparison with 
0)2 in equations (5.1) and (5.2). This only means that field saturation is not consi- 
dered. Then equations (5.1) and (6.2) reduce to : 

r ^ 1 — ^ 

^ 7, /^'12 _ — /^32) ^00 + i {/^' ll ~ f ”/^22) 

*■ 4(Ct)|3 O)C0|2 J 


4(<«)|j— ti))(2<i)— o»|j) 


cos 


... (6.3) 


In general, for a complex value of dipole moment, the value of </<> must 
contain r, contribution, which is ; 


YLEh. rno sin 2<d 


... (6.4) 
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Those two equations, oqn. (5.3) and (5.4), show an interesting J)roperty of the 26) 
— > — > 

dependant part of <//> that is, </t>2w ■ One gets the maximum value for 

for two }\"aliies of co : o — 6>,2 and co = In the second case the 

value of <//> w lias already fallen off, so that at 2co the effect of 

'vilJ hi' (*asily obsei ved. Both the effects-givino* rise to an absorption 
of second harnionie power can be in principle observiid. 

The (‘({nations (5.3) and (5.4) do not imnuMliately display saturation duo to 
fiiiit(‘ widtli of (Miergy hovels. But as pointed out by Haakon d al. (flaaken, der 
Agobian and l^iuthi(‘r 19()5), one can directly take into account this effect by 
roplaiMiig (0,2 by a comph^x quantity coj3'+?7r; whc-re P has the significance of a 
relaxation time. The equations (5.3) and (5.4) also point out that the orientation 

of the oscillating field affects the value of <>>2^, in a vc'ry different manner than 

— ► — > — y — ^ 

the value of <//>„. </i>„ directly depends on so thaf if tlie angle be- 

— ► — ► ^ 

tween //jj and A’ is 0; (.h<‘n the angular depondance of <//> m i.s 

<//>« ~ eos^ 0 

when we coiusidor i( in the direction of the applied field. 1 1 will show a maximum 

at 0 = 0 and drop off l,o zero at 0 = 7r/2. But the dependanco of is 

as follows : 

F, is th(' unit vector in the direction of 'k. 

lfone,iTOa8l»lic(i,„„„scil|atii,p)fie|,|tos„pa„te 

</‘>2u is; 


</“>2 U 8 in (=) 

This is, of course, strictly true for the part, of 

net OA .. a . - - 


case CO c= 


rg value has to be. considered and the 


</“> 2 « when 6) = 6)ij/jj. In the 


more involved. 

Tl.e axpreMta for 
dCMtocourat g_o. U bM j. 


expression is expected to be 


«J 2 . now shows that the maximum 
equal to zero for ^ = ;r/2 and 
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0 = 0. Thp maximum occurs at about @ 35°. Such a result has been 

verified in the case of a magnetic dipole transition by Voskonyan d d. 
(Voskonyan et d. 1964). 
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ABSTRACT. Electron affinities of P'loiirino, Chlorine, Bromine and Iodine have been 
ovuluaf od in I ho case of t wenty monomers of alkali motal halides, using the relation 

wliore De is tJie dissociation energy of polar diatomic molecules AX^ 1 is the ionization poten- 
tial of atom A, e is the electronic charge, is the foreo constant for infinitesimal amplitude 
ajid fv is the equilibrium intemudear distance. 

Those E values have been compared with those obtained by t hi^r ex)>erimental and theo- 
reti(‘al metlio<|H. 


INTRODUCTION 

Tn a recent communication (Tandon et al., 1900) it has been shown that the 
relation between electron affinity and other molecular constants deduced from 
potential function having gaussian form repulsion term, leads to results much 
bettor than ones obtained by other theoretical methods of evaluating electron 
affinities. This is due to the fact that such a potential function adequately in- 
cludes the polarizability, Van der waal and short range repulsion effects (Bleiek 
and Mayer, 1934; Kunimuni, 1950; Rice and Klemperer, 1957; Varshni and Shukla, 
1961), which are important in the case of polar diatomic molecules. In the present 
communication this relation has been used to calculate the electron affinities 
of halogen atoms in the case of monomers of alkali metal halides. The results 
have been discussed in the light of those obtained by other theoretical and experi- 
mental methods. 


CALCULATION OP ELECTRON AFFINITIES 
following relation between electron affinity and the molecular constants 

.hare J.h the dfaidatio a .Mtgy of pol„ dhttomic molooulo AX. I i. the iooi- 
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zation potential of atom A, e is the electronic charge, jb^iethe force constant for 
infinitesimal amplitude and r* is the equilibrium intemuclear distance. 

DATA AND PROCEDDKE 

The observed values of dissociation energy D^, flfeferred to O^K, are expressed 
in electron volts and collected in Table I, values Isllowed by “(^?)” are taken 
from Herzberg’s molecular data (1950). Similarly '“(G)” refers to data taken 
from Gaydon’s book (1953) and that referred by iferzberg (1960) as Gaydon’s 
data. ! 

“r 

The ionization potential (/) values for alkali metals, expressed in e.v. 
(Table I) are those given by Hodgman (1963). 

The values of equilibrium intemuclear distance (tg) are expressed in A (Table 
I) and are taken from the “Tables of Interatomic diitanees and configuration of 
molecules and Ions” (The Chemical Society, London, England, 1958) except 
where indicated. The values in paranthesis are roughly estimated ones. 

The values of force constant for infinitesimal amplitude expressed in md/A 
Jiavt^ been calculated from molecular data given by Herzberg (1950) unless stated 
otherwise. 

Using these values of the molecular constants the electron affinities of halogen 
atoms have been calculated from equation (1). These values have been collected 
in Tables II-V along with values obtained by other theoretical and experimental 
methods for comparison. 


DISCUSSION 

Study of equation (1) reveals that values must be very accurately known, 
since higher powers of appear. While accurate values, except in few cases, 
are available for a larg<? number of molecules, accurate values are available for 
few. In such cases divergence from observed values is expected. 

The experimental methods which have so far been used for estimating the 
electron affinities of atoms use electron attachment phenomena, electron impact 
measurements, equilibrium measurements and kinetics of electrodes processes 
and the theoretical ones involve calculation of lattice energies, heats of solvation 
of ions, and extrapolation of ionization potentials. For details of these methods 
reference may bo made to the review by pritohard (1953). It is of interest 
to note that these methods often yield very conflicting values. The values of 
B obtained by these methods have been collected for Blourine, Chlorine, Bromine 
and Iodine in Tables II, III, IV and F, respectively. In nearly all cases the 
extrapolation methods yield E values much different from observed ones. The 
E values calculated for different halogen atoms using equation (1) agree with 
those obtained by other methods (Table II to V). How^ever, the difference may 
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bo duo U> the approximations involved in different methods and the use of 
iiiacciuatc ig values. 

TABLE 1 

Eleotroii affinities of halogen atoms 

E 

Mean 
(«v) 


Cl 


Hr 


MdIimjuUi 

Lf, 


I D, 

E(ev) 

LiK 

{2 

(j.5oy' 

r..3«3 5.9.5i0.2(U) 

<«.6(H) 

3.431dL0.2 

<4.081 

NhI’’ 

(i.4oro'^ 

(2. OK 

r>.IJ 4.05^0.2(0) 

<5. 3(H) 

3.462i0.2 

<4.112 

KK 

l . 20>V^ 

2.r),vf 

4.318 5.0J;O 25(0) 

4 . 158;;^0* 20 

i;i>F 

I.liiF 

(2. my 

4.1.59 .3.35 ^U.2((l) 

3.870^0.2 

C^F 

1.4.31 

2 . 34.3e 

3.89 5.,-. i- 0.2(0) 

3.782:1:0.2 

l.iCl 

1 . 

(1.97K 

.3.303 .5.0i0.3(C}) 

3.973.1:0.3 

NaCl 

l.y 

2.3000« 

5.12 4.2410.05(0) 

3.9184:0.05 

K(U 


2 . or)7« 

4.318 4.4±0.05(0) 

4.42(H) 

3.793+0.05 

3.813 

jii)(n 

1 OTb 

2.7H7f/ 

4.159 4 ryj 0.2(C) 

3.8914-0.2 

( 

0.95'^ 

2 J)06" 

3.87 4.6±0.2(0) 

3.8944:0.2 

LiBr 

1.248/ 

2,]7« 

.5.303 4.36 ±0.3(G) 

3.866±0.3 

NaBi* 

0.959f 

2 . 502'’ 

5.12 3.80±0.1(G) 

3.8.5(H) 

3.77±0.1 

3.82 

KBr 

0.83<' 

2.S2b’ 

4.318 3 94^0.05(0) 

3.90(11) 

.3 0I!IJ.0.05 
3.0.39 ■ 

KbBr 

0.788^ 

2.94.7'’ 

4.1.59 4.0 ± 0 . 2 r> (< 1 ) 

3.0924:0.25 

CsBr 

0.8(K> 

3.072^ 

3.87 4. liO. 2.5(G) 

3.0234:0.25 

Lit 

0.9727" 

2.392'* 

.5. .303 3..5j-0.2(O) 

3.6314:0.2 

Nal 

0.7031/ 

2.7JbV 

.5.12 3.07!. 0.1(0) 

3, 10(H) 

3 4344 0. 1 
3.524 

Kl 

0.704" 

3.04«‘’ 

4.318 3. 32^. 0.05(0) 

3.33(H) 

3.3214 0.05 
3.331 

Jlbl 

O.G33" 

3.177^ 

4.159 3.54-0.1(0) 

3.29(H) 

8.8024:0.1 

3.302 

OhI 

(0.005)« 

3. SIS'* 

3.87 3.4±0.1(O) 

3.31(H) 

3.2484-0.1 

3.148 


3.843 


3.88 


3.7J7 


3.355 


(«) Somayajulu (imK)). (h) Barmw( 1963 ) M 

Hughos (.950). (.) Hening e* „Mr954). (/) S-o L ^ L 

Braunstein (1954). (h) Klemperer and Kice (1957). Tirschka 
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TABLE 11 

Comparison of electron affinity of flourine atom 


E(o.v) 

Methods 

Authors 

3.843 

Eqiiatio]i(l ) 

iPreowit 

3.022 

HurfViro ionization 

Dukiirs kii and Ionov. ♦ 

3.02 

Di«8o<*iation of alkali flourides 

Stamper and Barrow (1958) 

3 . 567 

Magnetron 

Boruiitein and Metly (1951) 

3 557 

Specti ( >|)1 lot umotrii* 

dortiier ct al (1959) 

5.0 

Linear extrapolation 

PritAard (1953) 

4.133 

BomoyloM 

Mayer and Hohnladz (1932) 

3.94 

Quadratic extrapulathui 

< dockli'r* 

3.47 

Lattice imergy 

Oubicuotti. (1959) 


•‘From Prit<*hard 

(1953) 



TABLE nr 

Comparison of electron afiinity of chlorine 

E(o.v.) 

Motbo<lfi 

Authors 

3.88 

Equation ( 1 ) 

Present ^ 

4.021 

Magnetron ’’ 

Mitchell and Mayer (1940) 

3.757 

Surface ionization 

Dukel* skil and Ionov.* 

3.723 

Magnetron 

McCallum and Mayer (1943) 

3.005 

Electron inipact 

Hanson (1937) 

4.8 

Linear extrapolation 

Pritchard (1953) 

3.874 

3.68 

Latii<*o energy 
•do- 

Pritchard (1953) 

Cubicciott. dr. (1959) 

3.70 

Quadratics oxtrapolatioii 

Ulockler* 

3.10 

-do- 

Bates* 


•Pritchard (1953) 
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TABLE IV 

Comparison of electron aflSnity of bromine atom 


E(e.v.) Methods 

Authors 

3.717 K(|ua<.ion ( 1 ) 

Present 

3 . 83 Dissociation of alkali halides 

Mayer and Helmholz (1932) 

3.818 Spare CJiarge 

Glockler and Calvin (1936) 

3 . 805 JiJiec'tron irnpac't 

Blowett (1930) 

3.773 Mass .spec’ trograph 

Blewett (1936) 

3 . 761 Flame 

Piccardi (1926) 

3 . 04 Surface ionization 

Ionov (1940) 

3.47 -do- 

Woisblatt (1938) 

3 556 Absoiptiou spectra 

Lederie (1933) 

3 . 49 Magnetron 

Doty and Mayor (1944) 

3«47 Dissociation of alkali Halides 

Saha and Tondon (1937) 

3*799 Bomcyles 

Viin Arkol, and Do Boer (1927) 

3 . 53 Lattioo enc^rgy 

Mayer arid Helmholz (1932) 

3.526 Bomcyles 

Huggins (1937) 

TABLE V 

Comparison ol electron affinity of iodine 

Methods 

Authors 

3 . 355 Equation ( 1 ) 

Present 

3 . 557 Flame 

Piecardi (1926) 

3.31 Surface ionization 

Ionov* 

3.236 Spaccj ciiurge 

Glockler and Calvin (1935) 

3.141 Magnetron 

Sutton and Mayer (1934, 1935) 

3 . 002 Electron impact 

Buchdahl (1941) 

3 . 258 JLiattice energy 

3.14 .do- 

Pritchard (1953) 

Cubiociotti. Jr, (1969) 


♦Pritchard (1953) 
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BOOK REVIEW 


THKUMOELECTIIICTTY : SCIENCE AND ENGINEERING — by Roberk R. 
Heik(!8 and Roland W. lire, Jr. of the Weatinghouse Research Laboratories 
and fourteen other Collaborators mostly from the Westinghouse Research 
Laboratories. Intersoienee Publishers, New York and London; 1961. 

In recent years various methods have been developed for energy conversion 
of wlii(di tlHsrmoolectric devises are the most important. The materials neces- 
sary for production of such devices of appropriate efficiencies are obviously the 
semiconductors and the semimetals. The present volume which aims at giving 
a systematic presentation of the different aspect of the thermoelectric! devices, 
rightly starts with a through discussion of the basic physical principles of somi- 
condu(!tors and scmi-metals and methods of their controlled production. Pro- 
perties of different such materials which have been found suitable for thermoelec- 
tric devices have also been exhaustively discussed. The technological and applied 
aspects have then been presented and can evidently be very easily followed by the 
reader. The future poasibihtics of such devi(!es have also been discussed and in 
this connection the authors have briefly indicate^l the po,saibility ctf direct conver- 
sion of the heat of a nuclear reactor into electricity utilising sucth thermolelectric 
devices whereby the necessity of external generators or turbines is eliminated. 

The volume though prhnarily meant for discussion of the different aspect of 
thcrraoidoctric devices, in the investigation of which not many of the Indian labo- 
ratories are at present interested yet the method in which the basic physical prin- 
ciples of semiconductors and semimetals are discussed and the through review of 
the properties of thermoelectrically imimrtant materials, makes it worth reading 
by all workers on solid state physics. 

A. K. DtUta 


published by Porgamon Press. 


ELEMENTARY PARTICLES by Soklov; 

Oxford. 

I of *'>» i<l»« and tta phenomenology of the 

h” , lendmmk, „d «,m, of the eruci.1 

in Iui„ "’"“‘•'r P»rtiSe.. The .nUior la anooisafiil 

kmdhng mteeate of farther .tody for mm, romlor. of hi, hook. 

T. Soy 
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AN INTRODUCTION TO LAPLACE TRANSFORMATION— by J. C. Jaogor. 

Published by Methuen and Co., Ltd. London. 

It is a neat monograph on Laplace transform. In the first few pages he has 
given the rudiments of theory. Besides this the whole of the book has devoted to 
problems of communication engineering. The expamples the author has chosen 
are very pertinent. Prof, Jaeger has not practically touched the inverse problem 
in the true sense of the term. Though it seems tliat Laplace transform is superior 
to Heavisides operational methods but failure of L. T. to problems again invites 
methods like Migusinski’s, a point which oommuaication engineers should know. 

T. Roy 


SYMPOSIUM OF PHOTOELASTICITY- -Edited by M. M. Frocht. Published 

>>y Pergamon Press. 

Photoelasti(!ity by M. M. Frocht is the compliation of the papers presented at 
the Intt^rnational Symposium at the Illinois Institute of Technology in 1 961 . The 
xiso of Photoelastic method for the study stress distribution in various specimens 
ar<^ being used widely now-adays in industrial problems. Due to its great practical 
importance a much greater attention is being devoted to improve tlu^ methods. 
The papers r(‘port the various new techniques and improvement of older methods 
lor the determination stress and strain characteristics in various model speci- 
mens. One section contains survey of the recent activities in Japan on photoolasti- 
city, a bibliography of recent works ih photoelasticity in Britain and a paper on 
the recent developments in the field of photo-thernio-elasticity i.o. the study of the 
stre.ss pattern developed due to thermal gradient. In other sections cover a 
wide field of interest o.g. two-dimensional methods using coatings, methods for the 
tliree dimensional photoelasticity, investigation of the elastic-plastit* strain distri- 
bution around cracks in sheet materials, the potentiality of the method of scattered 
light etc. On reading the papers one can realise the vastness of the domain of 
application of photoolastic methods in science and engineering. 

The papers are of highly technical nature and is suitable for the specialists. 
For the specialists the book will be very useful and informative. It gives an idea of 
the extent of the development going on in the field of photo-elasticity and the 
various recent prospective lines of developments. The bulk of the book do not 
seem to contain such a vast amount of informations on photoelasticity. 

The editor and tlie publishers are to be congratulated for catering such a neat, 
small but informative publication on a topic of great interest. The book is worth 
of collection in any modern library of scientific and technical books. ^ 


RK.8. 
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TITRBITLENOK -CLASSIC PAPERS ON STATISTICAL THEORY— Edited 
by S. K. Friodlandcr and Leonard Topper. Published by Interscienoe 
Publishers, N. V. 


The volume contains a dozen of papers in statistical theory of turbulence 
ranging from 1921 to 1949. A brief historical background and referonces to same 
comparativiily i-ccent work appears in the preface. Tlie papers are confined tt) 
theoretical work only c.g. tlu' work of Simon and Slater to which G. I. Taylors 
jiaper r(tfof.s (p. 100) is (unitted. Tlie papers reprinted are : 1. Diffussion by Conti- 
iiuons inovenntnt by G. I. Taylor (1921). (from proc. Lend. Math. Soc. Series 2, 
20, 196-211 (1921). 2. Richardson, L. F., “Note on a Theorem by G. I. Taylor” 
(from proceedings of tlie London Mathematical Society, Ser. 2, 20, 211-212 (1921) 
3. Taylor, G. I. “Statistical Theory of Turbulence. Parts T-TV” (from Proceedings 
of the Royal Society A151, 421-478, (1935). 5. Von Karman, T.. and Howarth, 


L., “On the Statistical Theory of Isotropic Turbulence”, (from Proceedings of the 
Royal Society A164, 192-21 5 (1 938). 6. Taylor. G. I. “The Spectrum of Turbulence” 
(from proceedings of the Royal Society, A164, 476-490. (1938). 6. Drydon, 
H. L. “A Revi(>w of the Statistical Theory of Turbulenw* (from the Quartley of 
Applied Mathematics 1 , 7-42 (1943). 7. Kolmogoroff. A. N.. “The Local Structure 
of Turbulence in Incompressibio Viscous Fluid for very large Reynolds Numbers” 
(from Comptes rendus (Loklady) do Aciadomie dos Sciences de T TJ.R.S.S. 30, 
301-305 (1941). 8. Kolmogoroff, A.N. “On Degeneration of Isotropic Tur- 
bulence m an Incomjircssible Viscous Liquid” (from Comptes reiidus (Doklady) de 
academie dos seicneces de I’U.R.S.S. 31. 538-540 (1941). 9. Kolmogoroff, A. N. 
“Dissipation of Energy in locally Isotropic Turbulence,” (from Comi)tos rendus 
(Dokimly) dc 1 academic dos science del’ U.R.S.S. 32, 10-18(1941). 10. Von 
Karman. T. “Progress in the Statistical Theory of Turbulence”, (from Journal 
of Marine Web 7,252-264(1948). 11. Lin, G. C. “Note on the Law of Decay 
of Isotropic Turbulence” (from Proceedings of the National Academy of Science 
, 540-543, (1948), 12. Von Karman, T. and Lin .0., “On tlio concept of 
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Original sriontific papers on all branches of Physics and allied subjects such 
as Chemical Physic s, Mathematical Physics, Applied Physics, Geophysics, Bio- 
physics, Ciystallography and Miner<»logy etc.; are accepted for publication in 
Indian Jommal of Physics provided those are not merely records of routine labo- 
ratory tests and contain original contributions to the knowledge of these Sciences. 
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(I960)”. Or “Thermal decomposition ... studied by different workers (Cuthbort, 
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year of publication, standard abbreviated name of journal with single underline, 
volume with double underline, and the page e.g. : Perkins, H.D., 1950, Proc. Royal 
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long dash . Name of same journal coming in References successively may be also 
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crosses, circles, squares etc. Full captions of afl figures with serial numbers 
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ON THE THERMAL EXPANSION OF y-PHASE Cu-Mn 
ALLOYS AT HIGH TEMPERATURES 

M. DE 

Indian Association for the CuLTiVAtcioN of Science^ 

Calcutta -32, India. ; 

(liecelved June 25, 1960) - 

ABSTRACT, riiotographs, using a 19 <*m. diamotoit Uni<‘tim liigU tempera turo camera 
uud filtered CuK„ radiation, were taken of powders from y-phsso Cu-Mn allo;^‘s with 4.53, 
13.56 anti 22.34 alomie port-oiitago manganese upto 4r>0%\ The linear tluirmal (expansion 
( ootlicients have lieon tlotorminod from lattiee parameter vs. Uinja'raturc eiirvcs foj* all 
alloys and tlie results have been compared with Criineisen theory. It is found that the Gnu 
uoiseii rolatitm is valid for these solid solutions. 

INTRODUCTION 

llio linear thomial expansion of solids is said to be due to tlie anharnionicity 
of interatomic forces and no complete theory of lattice vibrations that takes proper 
account of the anharniouic effects has yet been carried out satisfactorily for a 
;i dimensional dielectric crystal and much less for a 3-dimcnsional metal. The 
lattice d 5 mamics of Born is only quasi-hamionic. However, tlie theory of the 
equation of state is mainly duo to Mie (1903) ami Griiiieisen (1912). This theory 
in its usual form (Gruueisen 192(5) is based on the well known Debye approxi- 
mation, loading to Gruiieiscn rule, that tlui thermal expansion coefficient and the 
specific heat of a crystal arc proportional. It implies a simpl('< relation between 
the value of the constant y (given by y where a is the coefficient of 

volume expansion, V and K are the specific heat, volume and compressibility 
of the solid) and tlie sum of the exponents of the attraetiA'e and repulsive terms of 
the interatomic potential for central forces between atoms of Mic-Lennard-Jones 
typo. Gruneisen theory was found to show correct type of expansion at least 
above the characteristic temperature 0 by a number of workers — Nix and Mac- 
^lair (1941, 1942), Hume-Rothery (1946), Thowlis et ah (1966), Qiiader and Dey 
(1962), Nicklow and Young (1963). However, the low-temperature works of 
Bijl and Pullan (1964, 1965), Rubin et ah (1954), Figgins et ah (195(5), Simons et ah 
(1967) showed that the theory breaks down at a temerature below about M, 
the thermal expansion becoming bigger than the values predicted by the law. 
On the contrary Rubin et ah (1962) showed that the law holds good between 25"^ 
to 300 ° Jl in the case of Pb. Following low temperature experiments, Barron 
(1966) made an investigation of the variation of y with temperature according to 
the lattice dynamics of Bom and Kannan and showed that for a cubic close packed 
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Jattico the bcliaviour of y is (jualitatively similar to that found oxporimentally 
in monatomic metals. 

Although there exists a con.sidei'able amount of work on the thermal oxpau- 
si<m jueasurcim'nfs for many of the metals and ionic crystals and the application 
of the Oi iinc'isen theory to certain cases, for most of the alloys these have not been 
iinflertakeii. So the })ie,sent investigation is intended for the thermal expansion 
moasur(‘ment in y-CuMn alloys from x-ray jmwder photographs and also to test 
th<! validity of (Iruneiscn theory in tliesi* eases. 


E X P JE K 1 M J? N T A 1. P H () (! E 1) LJ H K 

{.opper manganese alloys with -t-.W. ]3..5t> and 22. .‘14 atomic percent manga- 
Mes*t A\eie I'repared from sp<'etrographiciall_\' staiularflist'd copper and manganese 
supplied by Ah'ssrs. .(ohn.son, Mathey and (\).. London. Accurately weighed 
quantities of the com])onent metals W(>re nn-lted togethi'r in evacuated and sealed 
quartz capsules; alter melting the alloys were homogenized for a w'eok in th(> tem- 
perature range 800-850' C. Weight changes during preparation were negligible. 

Powder samples were obtained by hand-filing at room temperature. To 
remove the clfect ol cold-working and to obtain strain-free samples, jjowders 
vvero annealed at (jOtPG for <i hours in pyrex glass cap.Hul(>s scaled under vacuum. 
Ihis IS also accessary to arrest the future grain-growth during heating in the high 
temperature camera. The filings wen* then sieved thnmgh a 250 mesh sen,*™, 
o mmimize thejiual gradients small specimens about 4 mm, in length and 5 mm 

m diameter were prepared by taking the annealed ^x.wder in thin-walled pyrex 
capillaries with both ends sealed. 

ner.H"”* radiation and the standard 19 cm. Unicam high tern- 

room t<L*^^*”*^i**’ at temperatures lying betw'cen 

manuallv ^^11^*1 Ty’ V temperatun- of the specimen w'as controlled 

ofthrs!f. ^ ^ temperatures 

Ol the specimen wore measured bv a Pf Ph i i • i 

aecuratf'lv hv m, .u i ^ ^l'‘">^Htocouple which was calibratefl 

accuiately by measuring the lattice parameter of pure Ag. 

Ji E S U L T S A N U i> 1 S 0 U S fj 1 O N 8 

(.) Louie, 

mlu, f™* tho high «M,lc jr„<» 

Taylor '.nd mrvr«t«‘giv«u“‘^bn^^ 

- -T a. ho. 
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works of Rao et al (1964) on somo compositions of AgPd allioys and Uma Devi 
el al. (1966) on Au-Pd alloj^s. These curves were extrapolated to and the linear 



Pig. 1. Lattice Spacing - Teraperatiire Curve for y-phase Cn-Mn Alloys, 
thermal expansion coefficients agoo and V were determined from the relation 

^ ^ for the three compositions. These values are inserted in Table 11. 

In Table 1 data for tht^ lattice parameters for pure copper are given from the works 
of Hume-Rothery and Andrews (1942). From those values, 0273 ’A: and a .273 V 
for pure copper were determined and are inserted in Table II. From Table TI, 
a 273 values of the three Cu-Mn alloys were plotted against composition of manga- 
nese (Fig. 2) and from this curve, by extra}>olation, ^373 for pure Cu was fournl to 


AIOWK KMCtNTACf OF lOlUTt V* <t75 0MVl 
FOK yC«>Mrt AUOV 



ATOMJC Fff^CCMYACi: OF $OtUTt 


Fig. 2. Atomic peioentage of solute vs. cun'© for y-Cii-Mn Alloys. 


be 18.4 X 10~*/°C whioh is in good agreement with that from Hume-Rothery and 
Andrews (Table II). It is evident that the thermal expansion coefficient increases 
with the increase of manganese oonoentration. 
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(b) Compdrinon with (h 'liiitifieti lhco)j/ 

Dnincison (1!)I2, ]02(i) lias given an approximate theory of thermal expansion 
l)as(!(l on (lie Di'byo nuxlel of nionatoinic solids with a single Rebye temperature 
0. Tliis tlieory roIai(*s the volume expansion of solids, w'hose atoms exert nearly 
iiai'in<-)nic vibrations in an asyniniotrical force field, due to rise in temperature with 
tile atomic heal of solid and its cora])rossibility at absolute zero. The theory may 
1)0 expressed as reoommend(Hl by Ifnine-Kofhery, in the following form, 


•) — ®0 _ ^^^0 ^ tIQ 

■ «o " I’o ■■ 


( 1 ) 


when' r„ and Ty are the volumes of the solids a1 0°K and T“K respectively, Ej, is 
file vibrational energ.\' of the solid, a„ and are the lattice parameters at 0°K 
and T'’J\, Q and p an' constants given by 


_ V, 

- yK 


where and Kq ai’c the molar volume and comjiressibility at absolute zero and 
y is called Griincisen constant, and 


(i 


(lb) 


where m and 


Relation (1) 


n arc the powers of the Mie potential function, 

^ ~ ^ being interatomic distance, 

may again be written as. 


«o _ 3(2 _ „ 

Uy-Uo “ Fy^ r„ ” /tJy (2) 

In order to find out the value of the left hand side of Eq. (2) which is the reciprocal 
of the expansion at absolute zero we shall have to know which can be obtained 

if we can find out that at 27.rK i.e. from our experimental data. This 

trcq' (2)'-‘' low-temperature approximation (1956) 

«ii73-«o ^1 Er 

«- 3 <2 - (3) 
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and thereby Q and p if wo take *273 Table II and if we can determine 
^11273 thereby {e^ — J for the alloys. 

TABLE I 


Lattice parameter of pure copper and ^•phase Cu-Mn alloys 


Pure Copper* 

Oti 4.l>3% Mn AUoy. On Mn Alloy. On 22.34% Mn Alloy. 

Temp. ' 

Lattice 

T/ piirameter. 

1 

Temp. ‘ 

Lattice 

paramoter. Temp. 

A 

Lattice 
parameter. ’ 

1 

Lattice 

romp. ®0 parameter. 

A 

18 

3.5145 

30 

3.6328 

26 

3.6651 

29 

3.6952 

.900 

3.5333 

17-2 

3.6357 

72 

3.6690 

72 

3.6986 

fiOO 

3.6471 

144 

3.6410 

144 

3.6741 

144 

3.7046 

571 

3.6599 

212 

3.6454 

212 

3.6797 

212 

3,7100 

771 

3.0676 

274 

3.6500 

274 

3.6844 

274 

3.7149 

S71 

3.5756- 

336 

3 6542 

336 

[3.6889 

336 

3.7200 



393 

3.6684 

393 

3.6933 

393 

3.7246 



450 

3.6623 

450 

3.0975 

450 

3.7291 


•Hxime-Rothery and Andrew* (lfl42) 


TABLE II 

Data for the calculation of ‘rto’ and ‘a’ 


Composition 

^ 273 ^ 

01273 ^ 

CV 273 oal. 
mol-1 '’C-i 

®270 

cal mol-^ 

aoA 

*473 X ^ 0® 

Cu 

3.6133 

18,30 

7.62 

1503.2 

3.6003 


Cn- 4.53% Mn 

3.6306 

19.28 

7.65 

1507.4 

3.6169 

19,21 

Cn.13,56% Mn 

3.6633 

20,70 

7.68 

1512.8 

3.6484 

20.62 

Cu-22.34% Mn 

3.6928 

21.66 

7.71 

1517.7 

3.6771 

21 .57 


From N. B. S. monograph No. 21,1960 which provides the specific heat data 
for pure copper and manganese uptn 300®K, the Gp values for the allo 3'^8 from 
0°K to 300°K were determined applying Neumann-Kopp’s approximation rule. 
Prom these Cp values, <7, values were calculated from the relation, Cp—C^ — 

0.0214T where Tpt is the melting point of the substances in absolute scale. 

Using these (7, values, Ej. values were determined from the relation Ep = | C„dT 

by calculating the area of the graph applying Simpson’s rule. 
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From li(i. (2) slid * vnluos were calculated and are plotted in Pig. ,‘i 

rty — «(, hlf 

for the three y-plmse alloys and also for pure copper taking data for the latter 
from Hume-Hothery and Andrews (1942). Those are calk'd 'Oriineisen plots’ 
and are inserted in Table 11. If is found that for the alloys and also for pure Cu 
these plots give .stiaight lino curves. tSiinilar straight line curves w'ere obtained 
by Fischmeisfer (IbbO) for ionie crystals like NaOl, KOI, LiF, Potassium and 
Caesium bromides and iodides. Quader and Dey (1962) got straight line curves 
from these plots in the ease of Ag and a-phase Ag-Cd alloys. Recently Nioklow 
and Young (1963) have also obtainwl the same nature of curves for A1 and AgCl. 


TABLE Til 

Data for Griincisen plot for (^i and Cii-Mn alloys 


Pure Copper 

Cii 4.33% 

Mn Alloy. 

Cu 13.36% 

Mn Alloy. 

Cu 22.34% 

Mn Alloy. 

M 10^ 

rjfp 

./V 

arp -riy 

1 ' 10" 
Ejp 

«0 

>10' 

Jip 


Ihp 

- 

"jr-“o 

.610 


.376 

227.3 

584 

218 r. 

. 374 

203.2 

.264 

lOft.l 

.486 

192 4 

.484 

177 1 

.482 

171.0 

.18K 

76.0 

.383 

130. 1 

382 

142.0 

.381 

134.2 

jr.j 

CO 4 

.320 

126 9 

.318 

116.0 

.317 

111.8 

136 

33 . 3 

.278 

109.3 

277 

101 .3 

, 27.3 

97.3 

123 

47 S 

24.3 

97.0 

.244 

90 1 

.243 

83.7 



222 

87 2 

221 

81 3 

.220 

77.4 



202 

79.7 

.201 

74.3 

.200 

70.7 




Values of the constants 'Q' and ‘p’ 


«*♦%• 

'Q' 


Puro Copper. 

139845 

1.33 

^ 4.53% Mn. 

133333 

0.««67 

Cu 13.66% Mn. 

126984 

1.48 

Cu 22.34% Mn. 

120000 

0.6667 
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Kroui Fjg. 3 and Eq. (2), Q and p values for the thiee y-phase alloys and also 
for Cu were determined and are inserted in Table TV. These values arc supposed 1 o 



Fig. (^riuioinen plot for y-Cu*Mu Alloys, 


be correct within 10%. However, for pure Cu the value of Q is nearly 15^^ higher 
than the value given by Hume Rothery (1945) viz. 117,000. The value of oc 
afh'cts the values of Q and p to some extent but exactly the same value of Q for 
Cuas given by him cannot be obtained by apjdying Fischineister method of calcula- 
tion to his experimental data (1942). It is (evident from these experiments that 
the v’^alues of Q for those alloys iiieri^ast' with the dc^crease of manganese concen- 
tration. However, from the rectilinearitv of the curves obtained from Griineisc^n 
I)lots it appears that within the limits of (experimental erroj- and t he tcunperature 
range concerned Griiiu iscn Tlu‘ory, as it stands, is valid fo*' these* solid 
solutions. 


ACKNOWLEDGMENTS 

The author is indebted to Rrof. B. JN. Erivastava. D.Sc., F.N.l., for his keen 
interest in the work and also to Dr. M. A. Quader for suggesting the problem 
and for valuable discussions. 


K E F E H E N C E H 

Bijl, D., and PuUaii, H., 1954. Fhil. Mctg,, 45 , 290» 

, 1955, Phystca^ 21, 285. 

Barron, T. H. K.. 1955. Phil Mag., 46 , 720. 

Oorrucoini, K. J., and Gniewek, J. J., 1960. Monograph No. 21. 

Dovl, U., Kao, C. N., and Kao, K. K.. 1965. Acto MU,, 18(1), 44.5. 




86 


M. De 


li. P.) Jont'S, <<'. 0,, hiuI liiley, D. P., 19«)6. Phil, 1 , 747» 
Kiwlimoisioi’, H. F,, Acta Cry.it., 9, 410. 

(ii'uiioiHuji, K., I!)!-. Af//i, Phys. Lripziy, 89 , 279. 

- Uundbmk der Physik, 10, 1. 

lliimo-JtoLhoi'y, \V., 194.5. Froc. Phys. Soc., 57, 209. 

I hiTn ft IliiMinry, W. miO Amlrows, K. W., (1942), J. Inst. Metals. 68, 19. 
Nicklow. K. M., and Voiing. U. A., 1903. Phys. Rev., 129 , 1936. 

Xk, F. (!., and McNair, 1)., 1911. Phys. Rev., 60, 597. 

Quaclor, M. A., .and Doy, B. N.. 1962. Indian J. Phys., 36 , 43. 
liao, (1. N., and Kao. K. K., 1964. Phil. Mag., 9 ( 99 ), 527-8. 

1964, (huiAd. J. Phys., 42 , (7), 1336-42. 

Kubiu, T., iUtmaii, 11, ^V,, and Johnston, H. L., 1962, J, Phys. Clmm., 66, 266, 

, 1951, .7. Am. Chem., Soe., 76 , 5289. 

Niimaon.^!. li. ()., and Uallufi. K. W., 1957. Phys. Rev.. 108, 278. 

Sinclair, !!., and Taylor, A., 1945, Proe. Phys. Soc., 57. 108.. 126. 

Thowlis, J.. laid Davey, A. K., 1956. Phil. Mag., 1, 109. 



11 

DIVERSITY COMBINING USING CARRIER LOCK AND 
SIDEBAND LOCK TECHNIQUES* 
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ABSTRACT* lii this paper the doHign and perfomianfes of a diversity combining sys- 
tem using carrier Lock and Sideband Lock tecluikjuc^s hiave been discussed. The effects of 
noise have been siudiod with particular reference to the loop phase equation, signal to noise 
ratio, KMS phase error and limiting of the sum of signal and noise on the threshold value in 
a two channel prodctc(‘tion diversity <*ombining system. The results of eombijiing two modu- 
lated r.l* 4'arricrs bearing the same information are also stated. A calculation for the first 
order probability density function of the instantaneous phase for a. carrier phase lock circuit 
is gi\'en. A sclaune is suggested t o correct the Doppler frequency shift of the received signal, 

1 N T 11 0 D U C T I O N 

In lading channels it is often found necessary to incorporate some kind of 
diversity for reliable communication. An essential requirement in diversity 
system is that the signals on the different independent channels be combined 
coherently. It should be clear that diversity combination requires locking of the 
carrier of each channel to its signal and also locking of the diflerent signals on 
the various channels. Now it may so happen that the received signal power on 
a given channel may not be adequate to ensm’o satisfactory locking of its oM'n 
demodulating carrier, while the total channel power may be large enough. An 
ellicient looking technique should, therefore, make use, if possible, of the total 
channel power to establish lock (in AAI one should utilise both carrier and side- 
band powers). We shall discuss the problem of diversity combination in section 
2, with particular reference to the philosophy of intor and intra channel coherence 
to secure gain in the SNR of the oombinod output. Locking techniques in diversity 
reception with particular reference to (i) a pre-detection combiner and (ii) a post- 
detection combiner have also been discussed in this section (Chakrabarti, 
Rial., 1966 ). 


•This work has been carried out in tho Institute of Radio Physics and Electronics, Uni- 
versity of Calcutta. 

‘*'Now with tho Department of Eleotronics and Eloetrioal Communication Engineer- 
ing, Indian Institute of Technology, Kharagpur. 

’’‘•DepartiDont of Physics, University of Burdwon, West Bengal. 
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Section 3 is devoted to a discussion on the effects of noise on the loop phase 
C ,, nation, SNR at tlie output of the combiner, RMS phase perturbation of the 
locking loop and limiting of the received signal on the threshold value. 

Kxperimental set-up and results of combining two modulated r.f. carriers, 

giv'cn in .seciiou 4. 

I.OOKINO TECHNIQUE!. IN 1) 1 V E K S J T Y K E C E P T i O N 

To satisiy llu‘ incrc^asingly greater demand for long distance communication 
tliiough radio waves is not only to provide additional commimication channels 
but also to provide^ a reliable and efficient communication technique. Consi- 
(brat ions of noise, interference and fading within the communication band and 
tlie time varying character of the })ropagation media call for the transmission ol 
thci sajJK* massage in a number of frequenev^ ehaniiels simultaneously. 

It is know II that for certain communication applications it is d(^sirable to use 
broad band signals in conjunction with coIi(u*ent reception and that linear \vid(^ 
bund systems (lik(‘ frequeiiey diversify of 88 B) can be designed to operate; 

reliably for low input- signal to noise ratios. The argiuncrit can b(j stated as fol- 
lows. Ill a liiK^ar system the output 8NR equals the input SNR. Suppose that 
there are a number of such channels carrying the same signal. If the outputs of 
the dilterent channels can bi; so combined that the signals add coherently and the 
weights used in combination are proportional to the signal to noise ratio of the 
corresponding channels then it can be shown that tlie SNR of the sum is equal to 
the sum of the SNR's (Kahn, L. R., 1954). This is optimum diversity coinbina- 
tiou. Even if the wiughis are unity, therc^ is considerable gain in SNR, for* now tlic 
outjmt SNR is (*qual to Avlieic and tif. are the signal and noise 

powTrs in tlu‘ K-ih chami(;l. Two advantages arise. Firstly, the statistics of 
the combined noise and inlerb'reiice powers, which individually may have high 
ratios of t-lm peak to r.m.s, assume after addition a fairly smooth character. 
Seeoiidly, the output SNR shoAvs considerable improvement over that of a single 
ehaniK'l carrying an amcjunt of power equal to the sum of the powers in the 
component channels, Siicli w'id(^ baud systems thus have aii inherent resistance 
to interference. 


To establish Phase coherence inter and intra channels 

rf wo liav.* a frecjucncy diversity of order two, there will bo two r.f. siguala 
carrying the same message although their input signal to noise ratio (SNR) will 
in gciK.ial be diffeieut. Since tiie two inputs are at two different frequencies they 
will have to be brought back to the same frequency by appropriate local oscillators. 

m 1 1(1 since the i .t. phases after heterodyning will be different the modulation 
phase of the output of any coherent type detector will also be different. The 
phosiiij, of the two i.f. signals to bring them into coherence can be done at r.f. 
( rennaii.. D. (t., iJoP) and also at base baud for linear demodulation systems. 
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FigH. (1) and (2) show the block representations to implement these tech- 
niques. For r.f. phase locking one would need a phase comparator or discrimi- 
nator for measuring the difference in phase between the two r.f. signals and actuate 
the local oscillator in such a way as to rodiice and if possible eliminate the phase 
differenoe between the two signals. For phasing at base band the demodulated 
outputs in the two channels can be compared by ulieans of an audio frequency 
phase discriminator, the detected output of the disofiminator controlling the r.f. 
phase of one of the channels. } 

The above mentioned differentially coherent tejibhnique enable one to bring 
the two inputs to a common reference. (It should be obvious that predetection 
phasing is the optimum technique if the demodulatita is non-linear). 

Lockin{f through me of IF phme informeUion 

Pig. (1) shows the block diagram for a diversity combiner .where relative 
phasing is accomplished at RF for a frequency diversity of order thrc'c. The 
intermediate frequency (i.f.) outputs of the three mixer stages are the same and 
the three i.f. outputs are brought in phase coherence before they are added and 
fed to a sideband lock receiver of the proper kind. Let us consider the input to 
the combiner is a frequency diversity of DSB signals of order three. Three fre- 
(piency channels are separated using three frequency selective networks preceding 
the three mixer stages. Of the three local oscillators associated with the three 
mixer stages in the receiving system, two are of voltage controlled type and the 
third one along with its mixer is recognised as the reference chain and the cor- 
r('.8ponding i.f. output maj’^ be called as the reference i.f. output. The phase of the 
other two outputs are compared with it using two phase discriminators and d.c. 
controlling voltages are obtained in proportion to the phase departure between 
them. This d.c. controlling voltage is used to change the reactance offcTcd by 



Fig. 1. Block diagram for coherent combinat ion of the signals in a three channel 
frequency diversity system using r,f. phase information 
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a voltajrr so.isitivo (liod.. forms a froquoncy (let<‘rmininff parameter in each 

of f ho WjO’s. Tho (l.c. controlling voltage is utilised in such a sense as to make 
the phase diserepa.ieies between the i f. outputs a minimum. It is seen that the 
reference i.f. output is given a phase shift of nj2 radians before multiplication. 
Tn the phase cli.scriininator the low frequency output is proportional to the sine 
of the phase difference between its two inputs. Thus if the two i.f. outputs are in 
j)hase the product demodulator output is zero and tho magnitude and polarity of 
this oiitpul depend on the magnitude of the phase difference between the two and 
wbother ono leads or lags the other. 

The abovementioiied technique is also suitable for combining diversity signals 
resulting from othcT types of modulations, linear as well as nonlinear. 

To derive the expression for the control voltage in this case we note first that 
Uie IF output of t he refe.rence chanmd may be written to be 

^Ref = A COB ••• ( 1 ) 

and that of the other channel 

e^c == B cos (oiift+(f>o) - . (2) 

When these two IP outputs are multiplied one gets 

e^(t) = kAB sin 

as the controlling d.c. voltage. 

LocMng through use of modulation phase information 

The combination of a diversity of signals can alvso bo achieved using phase 
information from the detected modulation components. This technique is parti- 
cularly suited for linear modulation systems. Fig. (2) shows the block dia- 
gram of sucli a Phasing Scheme. The input to such a combiner can be taken to 
be a frequency diversity DSB (since tlie modulation is linear) signal of order three. 
Tho three i.f. output/S in this case are fed to three DSB modulation receivers. It 
is known that the iiiphasf? channel output for such a receiving system corres- 
ponds to the modulation components. Before adding the three P channel outputs 
together it must be ascertained that they have been brought in phase coherence. 
Phase coherence between the modulation components is achieved by comparing 
the phase of the modulation output in the reference chain with those at the other 
two chains using two low frequency phase discriminators. The d.c* outputs of 
these phase detectors are used to control the phase of tho VCO’s in the respective 
chain. Tho phase detector output in this case is also proportional to sin 
where stands for the phase discrepancy between its two inputs. Each P 
channel output is fed to a wide band phase shifter associated with it* The 
outputs of each of the phase shifter are in phase quadrature with each other. 
So from the reference P channel two outputs are derived which are in phase 
qu rature and are applied to the two phase detectors as one of the two inputs* 
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Tlic other input in each of the cloteetor ivS obtained from the respective quadra- 
tures component of the outputs from the phase shifters in the other two chains. 

To derive the expression for the control voltage Hfi this case wc note first that 
the P channel outputs in the two channels can bo written as 



Fig. 2. Block diagram for coherent combination of the outputs of a three ehaimel 
froquoney diver- sity using modulation phase information. 

epjfy = cos (4) 

epj^t) = cos +^B- ••• 

If a phase shift of 90° is introduced between these two voltages and the 
outputs of the phase shifter are multiplied one gets 

eS) •■= *2(^h.+v 4J(J5^+J5^) sin (9^^ 
as the slowly varying d.c. voltage. 

It is obvious that this expression has a very close similarity to (‘quation (3) 
and all the remarks made about the latter obviously apply. 



Pig. 3. Block diagram of a schemo to oorroct Doppler frequency shift. 
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I'lu' 1 oclini(iii«‘s nu'nl ionod nbovo nro mcnnt. for correcting phase perturbations 
between I he signals in the different, channels. There may sometimes be some 
dist.iirhanoes com.non to all the oliannels e.g. Doppler shift.. In such cases it is 
desirable to eorreit those common disturbances by means ol a control circuit 
operatPfl by th.> av<>.age value of a sum of the instanteneous phases in the 
diffcient channels. S.-hc'inatic diagram of such a control circuit is given in 

Fig. (3). 


rU.AHE EQtJATrOX .AND SIGNAL TO NOISE KATIO 
IN .\ T W t)-0 11 A N N E L P K E D E T E < ' T I O N O M H T N R K 
DIVERSITY S Y S T K M 


Let. us ocmskler the system of Fig. (1). If the inputs (I ) and (2) are repre- 
sf^nted by 

-- S/t„ cos f'os («n' r9^ni) ••• ("•) 

and fisiO = S.l* sin ( 6 )ot-i-rt-l-?ie )+”2 

the output of the product modulator will ))e 

rr- V sin (7>/— Ml 2 ••• (^) 

In the particular case wlien the signals are of the VW type the expression 
for the output may be written more simply as 

-I NoAi sin 95^,2) (1^^) 

It will be seen that this output contains a term proportional to the sine of 
the difference betw(^en the phases of the two signals^ a term representing inter- 
modiilation between the signal and noise and the third term representing inter- 
modulation between the noise components. 

In gonfTal the difference in phase ^2 will be a slowly varying function of 
lime and ont? can therefore use a low pass filter of narrow bandwidth to accept 
only the slowly varjdng components. The detected output thus filtered has boon 
contaminated w ith noise and intermodnlation components in the band of this 
filter. 

The filtered output as shown in the diagram controls the instantaneous fro- 
quency of tlie VfT). The phase equation that results is 


‘i >«>P Widwidth of th. oon. 

ttoU«i loop be ,.d.q»,te the. it fa reMoMble to M,„mo th.t the nfagnitado of the 
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phase small and one can writ* the phase equation in the 

linearised form as 

# =. : ... ( 12 ) 

f 

It should be mentioned that although there \^'illf be steady state phase error 
the phase difference ^ 1—^2 ^ perturbed by thi noise terms present. The 

summed output can bo written as 

-f /ijL exp j(cOot+^in )+^/2 j{oV i 9i2«)J ••• 

nliere is the phase error. The amplitude of the ittstantaueoiis signal will thus 
be 

S ^ eos^^.ji ... (U) 

If the iiois(‘S appearing in the two channels have a correlation eoeffieient p then 
the total noise voltage will be given by 

(15) 

In the case of three channels the corresponding signal and noise oiitjiuts are 

S — cos^^ig i "^2-43 

S + |-/).23^^2W3 I ••• (1") 

KJfect of limiting the fsum of aigiud and noise on the threshold mluf 

Threshold : Threshold SNR is defined as the value of the signal to noisti ratio 
at w liicli the raU^ of change of output SNR with the ini>ut SNR shows an abrupt 
bjeak. Tluxjshold phenomenon is due to nonlinear inoeosses occurring in demo- 
dulation which cause through intermodidation a rise in the value of the noise 
appearing in the output. 

In CPL threshold SNR (ix>wer) in the effective bandwidth of tlu‘ system 
is about 5 or 7 db. 

Limiting : It is known that if a sum of two signals is limited and the limited 
signal is passed through a bandpass filter there is a general suppression of the weaker 
component. The amount of this suppression depends on the amplitude ratio and 
the difference in frequency. Tliis result can be carried over to the analysis of the 
situation when one of the signals is replaced by a random noise. 

The probability of the noise amplitude being above a certain value C, is giN cu 

by 

_2 . 
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Tiiis shows that at a signal to noise ratio of ii the favourable period is more than 

the unfavourable by a factor equal to . . If we assume that the average 

1 —erfy/S 

siq)j)rcsBion during the I'avourable period is the same as that in the unfavourable 
])criod, tlu' av«Tage HNR at the output will show an apparent improvement. 

This irnpioveiuent in SNR is however of no consequence in binary PSK 
reception if the error probability is less than the minimum desired value before 
limiting. 'I’his is s(j because the error probability is determined essentially by 
th<! condition that the \ alue of the iii phase component of noise be less than a 
certain maximum in order that the number of times the r.f. phase is modified by 
the noise is leas than a prescribed minimum. Limiting filtering cannot alter 
this condition and therefore has no effect on the tJireshold value. 

Jl.M.H. PlM-^e Emrr : It is of interest to form an estimate of the pcrtiir- 
bation j>rodnced by noise in the feedback loop. In fact the effective signal strength 
is always found to he multiplicKl by tlie term cos where is Hie phase error due 
to noise, further thc-rc may be in.stant of ti.ne when tlu' phase disturbance due 
to noise might cause loss of synchronisation. 

An examination ot the noise terms in the loop phase equation (Refer £q. 9) 
shows that tlm output noise is in general a nonlinear function of the input noise 
except whoii the signal to noise ratio is high. One of the terms in this equation 
can be considered to have arisen due to phase modulation of the noise in the band 
by a voltage proportional to the carrier pha.se. It is therefore expected that the 
spectrum ol this mtermodulation will spread over the band equal to the sum of 
the noise band and the band of the carrier phase modulation. If the latter is 
small the spetdral character of this iutermodulation term can be considered to bo 
the as that of (he input noise. The effect of another term which is clue to 

mteiniodulat, on between noise components will also have to bo considered unless 
tlic signal to noise ratio is adecpiate. 

To analyse the phase equat ion it is convenient to lump all the noise terms 
H„T tk. .pectral chancier 

TUo oqaiv.lent oquataT ' “f”"- 

dA 

~ a - A'/(p)[A sin 

tioo mm* iLt be 

51 ~ 4 ~ ^ (A Bin &-W) 

whore ATj is the noise fiower. 


given by 
( 19 ) 
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dW 

di 


It is easy to verify that the solution to this equation in the steady state 
= Ois 


exp (a 008 ^) „here o - 

All approximate Bolutlon of the derived equatiob for a general f(p) can be 
found by first linearising the equation and solving it, and replacing the first 
power of 0 by sin 0 and by 2(1— cos d) in the solulion. Once the probability 
density is determined, the square phase error and thd'mean value of cos (j> can be 
readily found by evaluating the integrals J 




^ J cos^jr(^) # 


COS^ 


( 20 ) 

( 21 ) 


In the particular cases when f{p) = 1 or /(p) == j _j;^ > fh® value of cos ji* is 

where o = 

■fo(®) Noise density x noise bandwidth 


EXPERIMENTAL SET-UP, RESULTS AND DISCUSSIONS 

Fig. 4. shows the block diagram of the experimental arrangements for the 
coherent combination of two r.f. carriers at frequencies 1.55 mo/s and 1.85 mc/s 



Fig. 4. Block diagram of the experimental set-up for coherent combinations of 

two r.f. carriers. 

respectively. The frequencies of the oscillators in the respective mixers are 
higher than the incoming carriers by 500 Kc/s. One of the oscillator is a V.C.O. 
and a V-33 type varactor is used in the frequency determining circuit. The volt- 
age sensitivity of the VCO is 16 Ko/s per volt. The reference oscillator is that of 
a Gapp’s type. A crystal controlled osciUator may preferably be used as a 
refesenoe one. 

3 
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In the design of the phase control loop, consideration has been given to the 
corii'laiion ihm\ maximum lading rate and noise bandwidth. 

For the purpose of simulation of multiplicative noise, caused by the propaga- 
tion medium, one lias to take into account, besides a nearly steady Doppler shift 
du(^ to a r(‘guJar drift, (i) flat lading, where the band of interest is subject, as a 
wliole, (o variations of amplitude and phase; (ii) selective fading where thc^ fluctua- 
tions of amplitude and phase of different groups of frequencies in the band are 
r(‘Iativ(‘ly inde]>endeiit and (iii) multipath phenomena where a large number of 
i(l(‘ntiliabl(* patiis ha^ ing distinct time delays and amplitude -])hase fluctuations 
contribute to tJi(‘ total r(‘ceived signal. For the first case one may multipl^’^ the 
input with th(' sum of a can*ier and a narrowband noise around it. For tlie second 
tht‘ inf)ut is distributed to several bandpass channels and amplitude -phase 
fluctuations an* introduced from narrowband noivse sources. For multipath 
simulation prov ision is made* for flxed and variable time delays and amplitude-phase 
variations of the different outputs from th(* tapp(*d dc*lay line. The bandwidth 
of tJu! noise sources will hav(‘ to be consistent w ith the fading rate both in ampli- 
tude and ])liase in the frequency band of interest. (Tin* rms lading rate at H.F. 
determined essentially by the random velocity distribution of thi* scattering sources 
is known to be about 10/A c/s where A is in meters) 




Hig. tigure shows the variation of the eom Kig. 6. Figure shows the variation of the 
hiiiod output after ooherent <'ombiiiation of two nignui and noist* output in ttio rombined 
r.f. farriers with the change in level of either output with the elumge in noise levels at 
of the two earriers, tfio level of the other is the input to the f.oinbinor, the levels of 
Iteld constant. the earners are held constant. 

Tht*^ experimental result presented in Fig. (5) show^s that the combined output 
due to two R.F. inputs increases linearly over a certain range of the inputs. The 
minimum acceptable value is determined by the total noise while the maximum 
value is conti;olled by the system non-linearity. From the results shown in 
tig. (b) we note that as the input SNR deteriorates there is a reduction in the 
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summed output. This is due as mentioned in Sec. 3 to partial incoherence at tlui 
summing point due to inadequacy of the phase following loop. The noises 
output at the summing point shows a linear variation upto certain level of 
input noise after which there is a marked increase in he slope. This is due to 
the threshold phenomenon setting in as discussed 'm Sec. 3. 

It should be emphasised that for the success of $ny diversity system a know- 
ledge of such medium properties as correlation bandlwidth in respect of envelope^ 
and phase, amount of correlation between the signal as well as noisc^ fluctuations 
ill the component channels and the fading sjx'ctrunl is essential. 8ucli data r(‘- 
quiring analysis of observations over a long pei iod, unfortunately, aj o not readily 
obtainable. This problem of channel estimation wifll be considered in a future 
communication. 
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APPENDIX 


First order probability density function of instantaneous phase for a CPL circuit 


To find the probabilily density of the* instantaimous phase in a pliaso locking 
loop one may first develop the loop dynamical (equation into the corresponding 
Fokker Planck equation. In the case when the loop filter is given by 


/(P) - 


1 

l+P’’ ’ 


the loep equation becomes 


(l-f^>T) • ■\-KA sin 0 ~ K{Q ^—n) 


where = ^[(1 +Pt) 01 ... (Al) 

Now the frequency deviation O may be a random variable with or without 
a steady component. If it has no steady component R.H.S. of Al may be replaced 
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by a random variable having a poM^er density determined by Q, and The 
likker Planck (-(luatiou for the steady state probability distribution m such a 


case can be written as 


0 - - (X, H')+ if]+ 

00 ^ L ^ ‘ 


dW 


4r- 




(A2) 


whore -r. — 


It can b( 


be roadil.\ veritied that the solution of the above equation is given by 


tV((/, 0) — c exp ((a cos ^4- 0'^^ 


whore 

Now if 


a = 


4A 


Km„ 


S(P) = 


; /»=- 




4t 

K^N., 


l+pr 


dd 

dt 


n --Kf(p)(A sin 614 n) 


or, 

Writing 


P^i 


p6 — —K ^+«) 

l+pr 

{ 14 -pTn)a: = 6 one gets 

ri K 


l+i>To 14-P7 


(A sin d-{-n) 


or, 


If 


fl =5 0, the Fokker Planck equation in the steady state is 
dW d [ lx, + KA Hill 0) rrrl , ^ d^W 


^ ^ l^i+^A siti0) , ! 

dx^ dxy It J 


4r2 


dx^ 


(A3) 


(A4) 


(A5) 


where as usual x^^ 0 

The solution to the equation obtained by linearising the F-P equation can be 
found by noting that the solution in the linear case is given by 


where 

and 


a = 


A 


Signal Power 

Noise power in the I^ise band width 

a 1 

47r* Second moment of the noise~ spectrum 


... (A0) 
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ELECTRICAL PROPERTIES OF SINGLE CRYSTALS OF 

TUNGSTENITE (WS,) 

S. R. GUHATHAKURTA 

Departmj:nt op Magnetism > 

Indian AssoriATiON for the CtrLTivATioN of Science, Jadavpur, CALrrTTA-32. 

{Heceivei! June 6, 1060) ; 

AJBSTRAGT* Tho prinf'ipn-l oloc*tri(.*ol (‘onduolivitios of the naturally oooiiring singl(‘ 
crystals of tungstonito have been studied from room temperat|U’e upto about 950®Kin vaceum. 
The study reveals lliat (i) the substance has negative^ temperature coefficient of resistance ; 
(u) the conductivities increase permanently after preliminary heat treatment ; {Hi) tlie 
substance is n symmetrical varistor for currents along tlio basal plane ; (tv) for ciirrents per- 
pendicular to the basal plane and at room t tunperature WSo is not only a symmetrical varistor 
but a thermistor also ; the varistor an<l thermistor properties becoming less prommeni with 
the rise of temperature ; an<l (r) log o vs IjT curve is straight within the temperature rang(’ 
of (o 0r)0''K, and at lower temperatures (below 4O0°K) it departs from linearity. 

INTRODUCTION 

Tungsieiiite (WS 2 ) whicli is isomorphous with molybdenite (M 0 S 2 ) (Wyckoff, 
1963) occurs in nature as blocks of single crystal but is of rare occurrance than the 
latter. Like Mo-atoms in molybdenite the IT-atomR in the tungstenite crystal 
are arranged in layers parallel to the basal plane and each such layt^r is sandwiched 
betAveen two paralh'l layers of sulpher atoms. The unit cell structure is built 
up by the repetition of the composite layer, made up of the above three layers. 
The hexagonal unit coll, which contains two molecules of tungstenite (WS^). 
has the following dimensions as compared to molybdenite ; 

WS 2 : c - 3.1 8 A, c -- I 2 .. 50 A, eja =■ 3.93 

MoSj : a == 3.1604A, c 1-2.295A. r/a = 3.89 

Compared to crystals of molybdenite which are very soft (hardness varying from 
1 to 1.6 Mohs) (Berry el al, 1959), those of tungstenite are harder (hardness 21) 
Mohs) (K. C. Li Pi al, 1947). Also, whew^ as molybdenite can be very easily 
cleaved to flakes of few Angstrom thickness, presumably due to the large distance. 
3.66A, between the basal layers, this is not so easy for tungstenite (interlayer 
distance 3. 13 A) and flakes of thickness varying from 0.1 cm to 0.06 cm can b(‘ 
obtained by grinding with alundum powder or similar other abrasive powders. 
Most interesting fact is that, while molybdenite is diamagnetic (Dutta, 1944), 

•Th© author exproaoea his grotefiilness to Dr. R. K. Dutta Roy, formerly Chief chemist 
ofQ ©ologioal Survey of India, for kindly presenting us with some crystals of WSj. 
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with an apjjroximately invf^se toinporaturo depcndeuce of susceptivility (Dutta, 
J945), lungHtcnito shows strong paramagiiotism (Dutta and Roy Chowdhury, 
J949) with a complicated temperature dependence of susceptibility. MoSg ciys- 
tals arc known to be very good semiconducting varistors (Dutta, 1947; Dey 1944) 
having rectifying properties along c-axis, its electrical conductivities along and 
perpendicular to the hexagonal axis being of the order 1 and 10~^ ohm''^ 
respectively. But no moasuremonts on the electrical conductivities of single crys- 
tals of WS, has yet been reported. Only some data on electrical conductivity, 
Hall effect etc. of powdered WSg by Decrue (1956) and Lagrenaudie (1952, 1954) 
are available. From these it was concluded that WS 2 is a p-type semiconductor 
having an electrical ooziductivity of the order of 10~® ohm~^ cin“* at room tempera- 
ture and that it is ap-type rectifier with almost all metals. 

To obtain reliable information regarding the electrical and other allied proper- 
ties of WSj w have therefore carried out measurements with single crystals of 
WSj extended over as wide a range of temperature as possible. Wc had to use 
naturally occurring crystals* which often contain impurities, and only a very 
careful choice of the samples, could give us sufficiently reproducible results. It 
JS needless to point out here that observations with crystals are more reliable than 
those with powdered samples since, in the latter case the surface effects between 
the drfferent grams are sure to modify the electrical properties appreciably. 


A XT 41^ n, I JJJ 


l^reparation of the tvorhing specimen.'^ 

of suitable thicknesses having th! ^ rectangular tablets 

the electrical conductivity alone the h i T c-plano. For measuring 

of about 2 to 3 mm from each end al fh ™Sjons covering a distance 

plated with copper. For men cpccimon were electro- 

basal plane the two flat surfaoesT!”™i*^ directions perpendicular to the 

copper plating is ob^I Jorif I «ood 

mirrored with silver. regions to be plated are first chemically 

Methods of MeasuremerU 

cular tothfS^^Xre'^rrpLri^^^^ “““‘^activities along and perpendi. 
of this laboratory (Dutta I 953 . Mnlrh • * ** workers 

wei. measured ryLut;rp i^r’^®^^ The electrical conductiviries 

the samples were placed in a tubular tempemtures 

were measured by a calibmted chromel-alumelV™*^’ tempemtores 

mei alumel thermocouple. All measurementB 
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were made by evacuating the furnace tube to mm of Hg with a two stage 
rotary oil pump. 


^ RESUl^TS 

In figure 1 are shown the current voltage characteristics at room temperature. 
From a linear extrapolation of such curves at low? currents, the resistances or 



60 100 160 200 260 
Current through the sample in |x A 
Fig. 1. CiuTent volfcage characteristics at 303®K. 

(a) Current along basal plane with broad oonta(^ts. 

(b) Current ^ to basal plane with broad contacts. 

(c) Current to basal plane with one point conta(.*t and one broa^l contact. 

conductivities of the crystal are calculated. In table I are shown such conducti- 
vities, 0*1 and (T\\ for currents along and perpendicular to the basal plane respec- 
tively for three different fresh samples, which have' not undergone any heat treat- 
ment. 


TABLE 1 

Principal electrical conductivities of fresh samples of WSg at room 

temperature 


Samples 

a± ohm~^ cm-^ 

Mean <r± 
om-^ 

Mean (T), 

or,| ohm-^ cm-^ ohm-^ cm“* 

1 

3.86X10” 

6 

7.38X10 

2 

3.31X10- 

« 3.9X10-® 

6.70X10-'^ 7.3xl0~T 

3 

4,53X10- 

6 

7.82X10**^ 


Observation at higher temperatures 

When the above mentioned measurements were first carried out at higher 
temperatures^ it was found that the values of conductivity observed at different 
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im-huliiKU 
not rc[)roflin‘i‘(! 


room lompcTatiin^ wIkmi tbo sample was heated up, 
uas eooled down (Fig. 2 and Table 11). 


wore 



l/TylO'’-> 

Fi^. 2. Tomporat ur(‘ variation of (J, I and Cx , oonduotivitioK ! and x tothor-nxis rospocdivoly. 
Tiirvos 1 and 3 for initial iK'atinj?^ of samplos. 

(’nrvos 2 mnl 1 afoT ottainmoni of st«*a«lv s^laio. 


TABLE IT 

I^riucipal c^mduetivitic's at room temperature of the samples of 
Table 1 after attaining steady state 

Mean ax Mean <T|j 

Samples Ox cm-i olim*^ CTjj ohm" ^ f*m“’ ohm~^em’' 

1 3.78x10-^ 5.13X10-^ 

2 4.82x10-^ r>. 0 r)yl 0 -'> S.TSxlO-* {5.85x10-* 

3 O.oftxlO-* 0.67X10* 

However, after one or two heating and cooling cycles in vacuum the valura become 
perfectly reproducible. Such a behaviour is not uncommon with semiconduotorB 
under similar conditions and possibly arises from absorbed gases and internal 
stresses. In figure 2 are also shown the temperature variation of the principal 
conductivities of a typical sample of WS* after the attainment of the steacty state. 
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In figures 3 and 4 are represented the current- voltage characteristics at different 
temperatures of samples which have attained the steady state. 

In order to study the phenomena which might lie taking place during the pro- 
cess of attaining the steady state, an experiment was performed in which the sample 
is successively heated to different high temperatuea, allowed to remain at those 
temperatures for sufficient time to attain steady temperatures, cooled to the room 
temperature and the change in resistance which l^s taken place at the room 

6 I ■ ~ ■ 


6 



0123456789 10 
P.D. in volts — > 

Fig. 3. Current voltago cliaraetoristics at different tomporatnres for”curronts along tlie basal 
piano with broad couta(;ts. Curves are syimnelrieal for currents in reverse direction. 



0 50 100 150 200 250 300 330 

Current in mA 

Pig. 4. Current voltage characteristics at different l-oiuporaiures for current perpendicular 
to basal plane with broad contacts. Curves symmetrical for revorso current* 
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TJi(“ losults of these observations are represented in 
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lciii2)ci’alurc is observed, 
figure 5. 



i'U3 393 493 .>93 093 793 S93 953 

An-ioaling Tomporaluro in “K 

I’lg. 5. Aniwiiliiig effect of (emperaUtre on n-sistanco of Imsh samples. 

1) 1 S (1 U S .s 1 u N .S 

1) Oheinical hindiiKj and roiidur.tivili/ in 

Krom ii consitlcraf ion oftlie paramagnetie ])i i>j)erties of WSo it hies been sug- 
gested (l)utla and Roy Cliowdliury. 1{)4U) that the bindings in it are of the typo 
whieii are pi t'seiil in the salts of the iron groiij) of elements. Thi'se are distinctly 
different from bindings in MoS^ uhere there are .strong covalent bonds between 
disimilur atoms and a partial metallic type of planar bunds between similar atoms 
(Dnlta. 1!)44). As a eousetjuenei' MoSg po.ssesses high diamagnetic anisotropy 
coniltiued witli fairly high electrical conductivity in the basal plane (Dutta, 1946). 
It is tlKMcfuro evident that owing to the distinct ionic nature of bond in WS.„ 
it should have much iioorcr electrical conduetivity than MoSo. 'rhi.s is exactly 
what has actually been observed (Table III). 


Magnetjc susceptibilities yn and yx along and perpendicular to the c-axis, 
^A' = A'l-A'il O'!! and itx eorre.sixmding electrical conductivities of 
AloiS^ «4id crystals of WSj bel'ore heat treatment 


Spocimeii 

MoSg 


Kloctrical proporlics Magnolia properties 

ri|n->< m-‘ (rxSf-i< m-> Ax-lO^/gannol /.„10“/gmin.>l xilO^/gminol 
<^g.K.o.m.u. f.g.s.o.m.u. i*.g,s.e.m.u. 

0314.2 
—44.3 


7.3 X 10-7 
3 I xl0-‘ 


3 . 0 X 10-« 
1.2 


1307.4 
— 42.8 


4910.8 

-87.1 


tropy 

24% 

72% 


(2) Ongin and nature of conductivity in 

have^” v7dcLl! '"I proposed for VVS, its conductivities should 

Wm^rctiatr" experimentaUy obtained. 

ns ai>prcciablc conductivity, the obvious suggestion is that 
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impnriiioa aro contributing to electrical con^luctiou. Thi« suggestion is furtht^r 
corroborated by following considerations. 

The small electrical anisotropy of observed on a fresh 

“\frii / 

sample at room temperature disappears permanently when the sample is heated 
to higher temperature (figurtj 2) and considerable permanent increments take 
place in the actual values of conductivities also (dr^ = cr„ 10”^ ohm*”^ cm~^) 
by these treatments. But the magnetic anisotropy^ only changes from 24% to 
abou1> 18% (Dutta, 1949) in course of such trcatinei|t-s. The obvious conclusion 
is that electrical conduction phenomena in WSg is not a regular contribution from 
the crystal lattice but from sources in tlu^ crystal external to regular lattice posi- 
tions. Tn other words WSg is an extrinsic semiconductor. From resuts of our 
pn'liin inary measurements of Hall effect of single crystals, as also from those of 
earlier measurements with powdtTs of we find that WS 2 is a /j-t^^ie semi- 

conductor. 

(II) Pennanenf changcf^ in condvetmties by heal treatments 

The observed permanent changes in conductivities (lig* 2). as stated above, 
may be (explained if it is assumed that initially there had been a number of scatter- 
ing or trapping or both kinds of centres in the crystal, vhich go to add to its 
lesistancc and that these centres are annealed out at higher temperatures. Exis- 
tance of such an annealing effect in respect to these centres which may be foreign 
atoms, dislocations, or interstitials, vacancies etc. and possible combinations of 
some of these, is evid('nt from figure 5 ' . It is to be noted, however, that similar 
anri(‘aling effects might also be caused hy structural or chemical changes. But 
since no sneh effects aro observed with magnetic properties, these (structural oi* 
oheinical) may be ruled out. It may also be mentioned here that thes(‘ centres 
whicli affect the transjmrt properties considerably are evidently so low in number 
that their magnetic contributions would b e very feeble, and hence these can not 
in any w^ay appreciably affect the high paramagnetic contribution of the host 
crystal. Therefore their removal, by heat treatment, will not affect the magnetic 
properties. 

(4) Activation energies 

From fig, 2 where log <7 has been plotted against 1 jT where T is the absolute 
temperature, wo find that the plots arc straight lines within the temperature range 
400°K to 950°K (below 400'’K there being a slight departure from linearity) 
indicating that a single type of carrier is effective in this temperature range (400®K 


H-From a study of such curves one con obtained information regarding the nature and 
kinotioB of such scattering centres, a line of investigation whicli we propose to undertake in 
future. 
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u, <.m K,. Wi«,in lhi« nU with T c»„ tb.rcforo ho «gpr™»<l 

by a ro.Intion of tho typo 

^E 

2KT 


wl.oro (T is ilu' obsorvod clodrical conductivity, fr„, a constant, and AE the acti- 
vat.ion (^ncrgv and the irst of the symbols have their usual significances. The 
values of AE (Table IV) obtained from the figure 2 represent the energy gap between 
the valence and the acceptor level in the forbidden region- the current being mainly 
carried by the boles in the valence band as already indicated. The values of ATS 
obtaiiK'd by other workers arc also included in t h(' table TV and arc found to be 
lower tlian those obtained by us. The reason for this may be (i) the samples 
were in the form of powders and (ii) the temperature ranges were much lower, 
to cause proper annealing so that carriers of lower excitation energies might be 
effi^ctive in producing conduction. The trend f>f our curves (figure 2) at lower 
temperatures (below 400"K) also indicat^^s the existence of such low energy carriers. 

Table IV 


Activation energy, ^E of WS,. AE|| and refer to current, directions 
parallel and perpendicular to c-axis respectively 


Author 

Nature of the 
spev.imeii 

Temporaiuro 

rango 

aKi iji 0 . volts aEii 

in e. volts 

Pr(Wont author 

Single crystal 
(Natural) 

400'’K-ft50°K 

0.45 

0.45 

Lagrojiaiidio 

(1954) 

Powder 

(nrtifieial) 


aE in 0 . volts 


il JV — Z\90 JV 

0.04, 0.11, 

0.18 

Deoruo 

(1950) 

Powder 

(artificial) 

2n7'’K-373'>K 

0.17 



(5) Current — voUage characteristics 

Current voltage (diaracteristics after tho specimen had attained steady state 
througli preliminary heat treatments are ropres^mted in fiures 3 and 4. 

From these curves, it is observed that at room temperature and for currents 
along the basal plane WS 2 behaves like a symmetrical varistor i.e. curves remain 
symmetrical for both direct and reverse currents. At higher temperatures also 
this behaviour persists. For currents perpendicular to the basal plane, the said 
characteristics are shown in figure 4, wherein it is observed that at room tempora- 
ture WSg is not only a symmetrical varistor but its rosistanoe also decreases due 
to self heating by the passage of current through it i.o. it behaves as a thermistor 
also. Both these properties, however, become gradually less prominent as the 
temperature is raised. These interesting observations are being theoretically 
analysed and the results will be published in a subsequent communication* 
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Uiulj^r proper conditions i.e. with ono broad contact and one point contact 
rectification in single crystals of WSj has been obswvcd at room temperature for 
iurrents perpendicular to the basal plane only. From fig. 1 where the current- 
voltage characteristics for both forward and revars® currents along the c-axis of 
a fresh sample of WS^ are represented, one finds liiat the rectification ratio, is 
rather poor suggesting that ^sprp/uUng resistance’ due to radial distribution of cur- 
rent in this case is very small (Lagronaudie 1952) ■ 
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INFRARED STUDY OF EFFECT OF ENVIRONMENTS 
ON HYDROGEN BONDING IN CATECHOL. 
RESORCINOL AND QUINOL 
D. K. m'KHERJEE and S. B. BANERJEE 

( )rTI CS I )KPARTMF.N T, 

[N])T\A AsSOCTATIOX for the rULTlVXTION OF SrTE.N< E, 

(Utci'ttA'32. 

{Itecfh'ed Jiwe^ 13, HlBB) 

AT1 STK.A(’T. 'FIh' infmrod nbsnrption spcctm of oatediol, rnwrinol and quinol havo 
lut'nsurofl i:i ilip solid slnto and in aoluiioii in difforont yolvoiits. Tho roHultfi confirm 
Mio cxistcnro I'f r/.s and fr(ms niolocnlos of caloi*!!*)! jxwtiilati'd by provitnis workers, Tt lias 
hcmi concluded Ihal in tijo solid slato Ibo catechol molecules are intermoleeularly linked witli 
eiicli other through hydrogen-bonding while in tho case of solutions intormolecular hydrogen 
bonds of difToreiii strengths are fbrmod iK^twoen eatochol and solvent molecules. The infm- 
molwular liond is, liowiwor, found to persist with suffhnent strength in solutions. Tho ob- 
served solvent (‘ffects on the OH vibrational fn'fpieneit*s of resorcinol and quinol linvo also 
boon explained in terms of formation of intormolecular h\drogon bonds of varying strengths 
botwoon tho solvent and the solute molecules. In the case of resorcinol in Iho solid state, 
exisfonco of strongly nssociatial jiolymoric groups of molecules formed through intormolecular 
hydrogen bond of bent type ns indicated by the stnieture of (he crystal reported by previous 
workotN tills Ih'oii ronfirmocl. 


T \ T It () DC CTI () X 

'rii(' infrared absorption speclra ofcatocliol and resorcinol were sttulied in ihe 
first harmonic region of OH vibration by Wiilf and Lidd(«l (1936), who observed 
two peaks at 7060 and 0770 cm'i in the case of catechol. In explaining the two 
peaks Pauling (1936) suggested the existence ofeis and tram molecules of catechol. 
^ or resorcinol Wtilf and Liddcl observed only one peak at 7050 cm-i. Ingraham 
d al (1952) identified the two absorption bands due to free and intramolecularly 

natively. Bellamy 

« «; (l^t.) ob«T™l a now peak duo to OH vibration at %m cm-t in the inframd 
atorption sp™tr„m of resorcinol in other and eoneladed that r«oreinol moleonta 
form eomplexoe w.,h other molcoul™. Stancvich (1904) found that myatala of 
^oieinol and qn.nol exhibit peak, at 3270 cm- and 3276 om-i rea,Ltively 

by 

anno tl t" hy Robertson (1936). It also 

onZ"oH Xr‘'Tt “ “>« Muenee of different solyento 

q as boon made by previous workers. The importance of 
108 
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specific local interaction in accounting for changes in the frequencies and intensities 
of bands due to groups like OH, C = 0, etc., has recently been emphasised by 
different authors (o.g. Bellamy elal, 1968; Caldowand Thompson, 1900). 8uch 
a study of solvent effect on OH vibration of the hydtoxyphcnols would be helpful 
in ascertaining the nature and strength of intramolecular hydrogen bond in pure 
substances and would furnish interesting information about specific groups in- 
volved in intermolecular bond formation in the caiie of solutions. The infrared 
spectra of catechol, resorcinol and quinol have therefcro been examined in the pure 
state and in solutions in different solvents and th« results, with probable inter- 
pretation, have been presented in this paper. 

E X P E K I M E N r A t 

TJie comxjounds were obtained from E. Merck and were of AR quality. They 
were further purified by repeated crystallisation from ether solution and later 
by sublimation under vacuum. The solvents were carefully purified and dried 
before use. Thin solid films of catechol and resorcinol were used to record the 
absorption spectra while the spectrum of (luinol in the solid state was measured 
ill nujol mull. 

The spectra were recorded with a Perkin Elmer Model 21 spectrophotometer 
fitted with rocksalt optics. The calibration M’as cJiecked by recording the atmos- 
pheric water vapour band at 3740 cm~^. 

li E S U E T S AND D 1 S 0 U S S H) N 

The observed vibrational frequencies are given in Tables 1, 11 and 111. The 
absorption spectra of the compounds in pure state and in different solutions are 


TABLE 1 

Catechol : 0-H vibrational frequencies in cnx"^ 





Solution in 


Solid at 

70"C 

(thin film) 

CaCJ4 

(Ingraham 
ot ul. 1953) 

OttOla 




3011 

3UU 

3590 


3545 

3508 

3606 

3500 

3500 3505 


3525 


3440 


3320 



Absorbance-^ 
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TABLE II 

llfsoiciiiol : O-H vibrational frequencies in cm~i 


Solid u( 

’ 

( jirti'io’il 

ai/lliors) 

Solution in 

(’bIi,, ciici 

3 ' VJT3NO, 

Etlior- 

rosoroiuol 

Hohi, 

dissolved in 
bonzoDo 

3270 

3.780 .3505 

3335 

35S0 

3515 

3585 

3325 


TABLE III 



Quinol : 

0-H vibrational frequencies in cm”'^ 


Solid 

( Still icvicli, 
1004) 

Solid in 

Nil joi mull Soliilioji m 

{prO.HCUt 
iiuthoi-y) 

Kthor-quinol 
solution 
dissolved in 
bonzt>n(^ 


.327.5 

3385 

3260 

0 





3300 3600 3700 oja-» 

Fig. 1. Infrared absorption bands of oate- 
chol. 

I. Solid at 70“C (thin film). 

II. 0.6 M Solution in nitrobenzeno 
»» M ether 

♦> it chloroform 

;> M bonzorie 


3100 3300 3600 3700 cm~* 

2. Infrared absorption bands of resor- 
cinol. 

I. Solid at 26*^0 (thin film) 

II. 0.8 M Solution in ether 

III. 3% ether-resoroinol complex in benssene 

IV. 0.6 M Solution in nitrobenzene 

V. 0.8 >1 ,, benzene 

V I. 0.3 M „ ,, chloroform 


III. 0.8 M 

IV. 0.3 M 
V. 0.8 M 
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3100 3300 3600 3700 om”' 

Fig, 3. liitVn rod absorption bands «>r qninol. 

1. Solid ill niijol mull 
Jl. ().r» M Solution in otiior 
III. 1 % ethor-quinol complex in benzeua. 


l eproduced in Figs. 1, 2 and 3. The results for the three compounds are discussed 
separately in the following paragraphs. 


Catechol : 

In dilute solutions in chloroform and benzene two peaks due to the stretching 
frequencies of free and intramolecularly bonded OH group corresponding to the 
tram and cis configurations postulated by Pauling (1936) could be identified. In 
chloroform solution the former is at 3614 cm“^ and the latter is at 3665 cm”^ 
while in the benzene solution the free OH stretching band is at about 3t590 eui'“S 
the frequency of the bonded OH being 3660 cm ^ The slight decrease of the 
stretching frequency of the free OH vibration probably indicates slight basic 
behaviour of benzene to the hydroxyphenol. In other solution, the band duo to 
free OH vibration is absent and a new strong peak at 3320 cm~^ is observed. 
Evidently, this new band arises from association of molecules of ether with catechol 
through hydrogen-bonding between oxygen of ether and an O-H of catechol. 
In nitrobenzene also, the proton acceptor NOg group forms weak hydi*ogen bond 
with catechol molecule as is evident from the disappearance of the free OH vibra- 
tional band and appearance of a new band at 3626 om““^. In both ether and 
nitrobenzene solutions, the band due to intramolecularly bonded OH vibration 
persists with sufficient strength to indicate that the intramolecular OH ... 0 bond 
in catechol is strong enough to resist the influence of strong proton-accepting 
groups in solvents tending to break it up and that the intermolecular hydrogen 
6 
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boad between the solvoiit a, id solute molecules is formed through the free OH 
gioup of the catechol molecule (figs. 4 and »). 





fig. t 



Fig. 6 


lu the rase' (ircrystuls of catechol at 25^0 only a broad Htrong band at 
3 140 cin- J is obs('rved. When the tempera! is raised to about 70 0 a second wi'ak 
at about 3545 cm ^ is observed. This latter band obviously represents 
the strf'tcliing mode of the intiumofecularly bondf'd OH. The ruuv band at 
3440 ern ^ can thtm be attributed to the formation of iniermolecular OH ... O bond 
b('tvv('('n rHMghbouring inoleeules in the solitl state (Fig. 0). 


I 



Fig. 6 


The above findings apparently corroborate- the views of previous authors 
{(\g. Bellamy and Pace, 1966) that formation of an 0-H ... 0~H bond makes 
th<* hydrogen attaclnxl to the aeeeplor oxygen more acidic and the oxygen of the 
donor OH group more basic, thus increasing the probability of formation of 
hydrog(‘Ji bond at (uther end. 

Resorcinol 

In this molecule with two hydroxyl groups in the meta position there is no 
possibility of formation ot intramolecular hydrogen bond and in cliloroform 
solution the absorption band due to the free OH vibration appears at 3696 cm-"^ 
while ill benzenes solution this band is at 3680 cm^ which again shows slight 
displacement towards lower energies. In ether solution only a strong broad band 
with its centre at about 3335 cm" ^ is observed. This band could be readily identi- 
fied with the stretching vibration of the hydroxyl group hydrogen- bonded with 
oxygen of the ether molecule. This result is in agreement with that of Bellamy 
et (d, (1966). When the resorcinol-ether complex is dissolved in benzene, probably 
some of the intermoleeular bonds break up, as is apparent from appearance of a 
weak band at 3686 cm*^ due to free OH group. In nitrobenzene solution the 
exist<mco of both free OH group and intermolecularly associated OH group wei^ly 



Infrared Study of Effect of Environments^ etc. 


113 


bonded with the nitro group ih evident from the appearance of two peaks at 858() 
and 3516 respectively. The absorption baud at thin solid film is very broad 
with its centre at about 3270 cm~^, which shows that the OH groups of neighbour- 
ing molecules are interraolecularly linked through 0!C[ ... 0 bond. The frequency 
of the intermolecularly bonded OH group in the solid state is lower than that of 
the OH group linked with oxygen of the ether mol^ule in ether solution. This 
fact and the large width of the OH band could evidef tly be attributed to the pre- 
sence of polymeric chain of intermolecularly OH 0 bonded resorcinol mole- 
cules in the solid state. It would be interesting to n<|be that from an investigation 
of crystal structure of resorcinol Robertson (1936) concluded that in the crystal, 
the molecules of resorcinol are grouped in spiral arrays about the two-fold screw 
axes and the hydroxyl groups of successive pairs k)f molecules approach each 
other to within a remarkable short distance of 2.7A, which indicates presence of 
hydroxy] bonds, the angles between the bonds being fairly near the tetrahedral 
value of 109.5®. The results of the present investigation are thus in good quali- 
tative agreement Avith Robertson's conclusion. The structure of the crystal 
further shows that the intermolecular OH ... 0 bond is of bent type. In that 
case the strong hydrogen bond which is responsible for the large frequency-shift 
could be attributed to the special cyclic structure of the associat-ed molecules as 
discussed by Bellamy and Pace (1966). 

Quivol 

The infrared absorption spectrum of this comjmund in dilute solution should 
(!ontain only one band due to free OH vibration, as there is no possibility of intra- 
molecular hydrogen* bonding between OH groups Avhioh are in para position in 
the molecule. In ether solution a strong absorption band at 3386 cm~^ is observed. 
l<>om a comparison with spectra of the other two hydroxyphenols this band 
could be attributed to the vibrational frequency of the OH group hydrogen-bonded 
with the oxygen of ether which forms a complex with quinol. When the ether- 
quinol complex is dissolved in a very dilute solution in benzene this band shifts 
slightly towards loAver frequencies and a very weak band at about 3596 cm“^ 
is just discernible. This last band probably represents the frequency of free 
OH vibration. In the absorption spectrum due to the crj^stals dispersed in nujol 
mull a very broad absorption band with its centre at about 3260 is observed. 
A similar maximum at 3276 cm*-^ was reported by KStanevioh (1964) for the quinol 
crystals. As for resorcinol, such absorption points to the presence of intermole- 
cularly hydrogen-bonded polymeric molecules of quinol in the solid state. 

A € K N 0 W L K D Q M K N T 

The authors’ thanks are due to Professor S. C. Sirkar, D.So., F.N.l. for helpful 
discussion and to Professor Q, S, Kastha, D.8c, for kindly offering facilities for 



114 


}). K. Muhherjee and S. B. Banerjee 


t he woj-k. Financial aupiun t to one of the authors (S.B.B.) as Pool Officer by the 
C.S.I.R., India is acknowledged. 

M K K K It B N C R S 

Hi)Iliimy, Ti. J.. Iftillnm, II. E., and Wiliams, R. 1... I!>58, Trans. Famdajj Soe,, 54, 1 120, 
Holliitnv. L, J. and T’aoo, H. J.. 1900, Speedro'kim Acta, 22, 525, 

(tiil(l(i\r, U. h. and Tlit)mp.s()ii, H. W., 1900, Proc. Boy, Soc, (Ijondon), A 254, 1. 
Tngnilmiu. Ji. L., Cnrso, .T. and Hailoj-. G. T., 1902, ,7. Am. (Jhem. Soc., 74,2291. 
Pauling. L., liKlO, Am. Chem. Soc., 58, !)4. 
l{nbwlM(in, fT. 1\1., 1936, Proc. Boy. Soc. (London), .4157, 79. 

Siiinovarli, .\. K., 1901, Optik i Spektron., 16(6). 99S. 

Wulf. 0 It. and Riddel. F., 1930, ./ .-I»a. Vfiem. Soc., ,17, 140-1, 



14 


LUMINESCENT DECAY OF VARIOUSLY PRETREATED 

KC1 ; T1 PHOSPHCKS 

R. V. JOSHI AKD A. K. 1(B2«0N 

PiiYSics Department, M. S. Univehsity, JBokoda, India. 

{Received Julu 9» • Resnbthitted LVo/’p#f>rr H)fi6) 

ABSTRACT. Hooin tomperoturo meftsuremeiitH of;'tho phoHphorescenee decay are 
made in unireatod and protreated KCl : T1 phosphors. Pretrcjatod phosphors consist of speci- 
mens prepared with different heat treatments followed by deformation or in the undeformed 
state. The results obtained are analysed in terms of the concept that in the room tompera- 
t lire region the electron traps are due to negative ion vacancies. It is suggested tliat various 
type.s of negative ion vacancies exist depending on their location in the normal and distorted 
regions of the lattice. In the latter types the charged dislocationK are presumed to play an 
important role. 


INTRODUCTION 

There have been a number of att<>mpts at offering interpretations which 
would adequately explain the room temperature phosphorescence decay in KCl : Tl. 
Seitz (1938) interpreted it on the basis of the internal metastable states of the T1+ 
ions occupying substitutional positions in the host lattice. This was supported 
by Johnson and Williams (1963). Later work however showed that the electron 
traps are independent of the impurity ions and are formed by other crystalline 
imperfections in the host lattice (Ewles and Joshi 1960). 

In all the earlier decay studies of the phosphor no particular attention has 
been given to the previous history of the sample. Therefore it is considered worth- 
while to study the decay characteristics of the phosphor intensively under the 
influence of as many different factors as possible. The present work, concerned 
primarily with obtaining necessary data, specifically deals with the effects of 
thermal treatment, of deformation and of thermal treatment followed by defor- 
mation, on the decay of the phosphor at room temperature. Interpretations of 
the results obtained are offered on the basis of the concept advanced earlier 
that electron traps are duo to single negative ion vacancies in different environ- 
ments (Joshi 1964). It has been suggested before that the electrostatic interaction 
between dislocations, presumed to be charged, and negative ion vacancies may 
be important (Joshi and Menon 1966). This analysis is extended to the present 
work. The various components of the decay are considered to betdue to 
differenoes in the degree of electrical interaction. 
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K T i ; i{ I .M K X T A h r n o r k d r K K 

AIJ the KCl ; 'J’l Mpecimens usctl in the experiment were prepared from postaa- 
Kilini eliloj-iitc <>f 'aiiahir' grade by crystal I inatioii from aqueous solution. The 
r(‘HiiIts jirestnb d an* for K('I : TJ phosphors containing (10015 and 0.003 mol. 
of TJ. Mtatsur(*ni(‘nts were iiuide on the following samples : (i) as— obtained from 
sfiiution (ii) aniieal(‘d and sJowly or rapidly cooled (iii) as — obtained and deformed 
and (iv) iH^at-treatcd and deformed. Annealing of the samples was carriedo ut 
in a ‘ninfUe’ fiirna(;('. hc'ld at 30U"C for 100 hours. With a suitable temperature 
control, th(‘ sample could be cooled very slowly at a rate of 1.6°C/hr. In the case 
of rapid cooling, the* sample was withdrawn from the furnace after anneal at 300^0 
for KM) hours and tlien air-cooled. All annealings were carried out in evacuated 
and scaled Pyn*x tubes. Tlu' sample, either a,s’-obtained or heat-treated, was 
coinpr(»8S("d to tablet in a eliroinium plated stainless steel press under a pressure 
of about 2(M)0 kg/cin*^. 

An account of the cxpt‘riniental technique has bc^en presented previously 
(.loshi 1904). The sample was (*xcited with ultraviolet light from a high pressure 
mercury discharge lamp, the excitation time in each case being 1.5 min. Phospho- 
rescence decay measur<‘ments, following irradiation, w^re made using RCA 
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h ig. I . IMtjiiy curves for siimples A and B 

('arves : Aj and for TJ ooac. 0.(K>I5 mlf. 
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Deoay ourveii for sainplos E and F Curvoft : E^ and F^ for T1 oouc. 0.0016 m.f. 

: Ea and F, „ „ 0.003 xnX 
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galvanomotui’. All t\w inoasurements were made at room temperature in total 
darkness. 


K X E H I M E X 'r A L R E S U L T S 

Figures 1 to 3 indicate the results of the experiments performed with as- 
obtainod and variously prc-trc^atod KCl : T1 specimens. In all the figures log-log 
931 A photomultiplier’ the' output of which, after amplification, was fed to a mirror 
plots of intensity (1) against time (t) show that the results can be fitted very well 
to the power ^a^v elecay I = Measurements were made on two KCl : T1 

phos])liors differing in their I'l content. Apparently there is no difference in the 
decay Ix^haviour of the two phosphors. The decay cuiwes for as-obtained or 
beat-treated samples show distinct curvatures. These curves can be fitted to 
.sugg('Hl 3 to 4 indopendeni first order processes. The noteworthy feature of the 
data [)i’eHonted in the figures is that in gent'raL the niimbc'r of deca}^ components 
reduces to t w’o if as-obtained or heat-treated specimf'u is deforniod by stressing. 
A list of the samples used in the experiments, then ature of the physical treat- 
ment received by each sample and the values of the decay constants (n) for 
ultraviolet emission are indicated in Table I, Similar results were obtained for 
visible emission. 


TABLE I 


•Sainplo : A - As -obtained from solution 

15 - Sample A annealed at 300°C for 100 slowly cooled. 

Sample A annealed at 300*^0 for 100 hrs., rapidly cooled. 
^ Sample A <*omf)reased into tablet 

K Sample 11 cianprc^sf'd Into tablel 
K Sample C (impressed mto tablet 


Decay coiiKtant, (n) valu(>s for different stages (UV. emission) 


'I’l (/on tent 


Tl (U>ntent 


Sain))Io 

O.oelT) jii- 

.1. 

O.tMKi m(»I. 

n 

A 


0.47. 0.0.'). 0.83, 1 .0 

Ag 

0.48, 0.54, 0.08, 0.82 

15 

Hi 

o..-)3. e.fli, o.7:j 

Ha 

0.40, 0.01, 0.82 

C 

<'i 

0.51, 0.«5, 0.84 

<'a 

0.54, 0.72, 0.00 

i) 


<1.58, 0.S5 

l>. 

0.57, 0,85 

JO 


0.45, O.fiij 


0.46, 0,66 

F 

Fi 

0.58, 0.93 





0.68, 0.86 
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D I S O U 8 R 1 O N 

Ti ifi ftcen from the results tliat the decay curve for as-obtained or heat-treated 
specimens can be resolved into more than two concurrent first order processes. 
In general, the number of decay stages reduces to twsb if the as-obtained or heat- 
treated specimen is compresHod by stressing. Simihif results liavc been reported 
earlier by Morlin (1957). In a log-log plot he observe^ two linear stages for decay 
in the case of NaCl : Tl phosphors either in the form o| discs prepared from powder 
or in the form of single crystals deformed by slressfog. On the other hand, he 
found the plot for an uiideforined single crystal phos^or to be a non-lincar curve 
in the same diagram. These' results can be undersfcood if one attempts an ex- 
planation in terms of the electron traps due to sin^e negative ion vacancies in 
different surroundings. It is suggested that the fastest component of the decay 
is due to phosphoresec'nce Centres each of which consists of a combination of a 
negative ion vacancy (trap) wdth an adjacent stubstilutional Tl’ ion (emission 
centre). Sucdi j>liospliorescejice centre form one category. Tlie remaining compo- 
nents of tlie decay are du(' to phosphorescence centres t'ach of wdiicli is composed 
of' a similar combinati(jn as stated above but in the vicinity of an edge dislocation 
presumed to be negatively charged. This phosphorescence centres fall in second 
oatt'gory. In the second category the phosphorescence centres are further dif- 
ferentiated on the basis of the distance of separation betw eon the dislocation and 
flic negative ion vacancy — TP ion complex. Variation in the distance of separa- 
tion w^oiild lead to the difference in the degree of electrical interaction between 
them and correspondingly the lifetimes of the traps belonging to the second 
category would differ, Tt is suggested that the cliargo on thi' dislocation is small. 
That is a dislocation w ill not measurably influenet' the decay process if the distance 
of separation between it and the vacancy —TV ion complex is large say, fifty 
lattice spacings or more. 


During plastic deformation a small stress can give rise to dislocation motion 
in the microcrystals of the phosphor. If during motion a dislocation comes in 
the close vicinity of a Tl^ ion it wdll be pinned or immobilised by its interaction 
with the impurity ion. Tt is believed that as a result of plastic deformation the 
dislocation is pinned at the Tl^ ion in majority of the phosphorescence oenties of 
the second category. Hence the phosphorescence centres obtained after deform a ^ 
tion would involve either a combination of a TP ion and adjacent negative ion 
vacancy or a similar combination closely associated with a charged dislocation. 
The rate of release of electron in any of the latter species of phosphorescence 
centres will be affected by dislocation more or less to the same extent. It is sug- 
gested that the two components of the decay observed after plastic deformation 
in all the samples are due to the above two types of the phosphorescence centres. 

6 
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TRI-HARMONIC STRESS FUNCTION 
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ABSTRACT. Airy’s bi*harmonio Eqs. governs streib function in two dimensionnl 
isotropi(* olnstic contimimum. We find new Eqs. to detorlnine stress functions in three 
dimensional isotropic elastic contimimum. They are found t6 obey tri-liarmonio Kqs. 


V E V T O R V O T E \ T T A L TO ST R E SR TENS O R 
Equilibrium of internal force in three dimensional olafltic continumum reads 


== 0 , 


... ( 1 . 1 ) 


— and 3; oontract^ni over k), 

with 

where stands for stress tensor. We may take vector potential and 
to them as 

pi 

(j, k and m — \,2 and 3; cyclic), 

^ k m), ... ( 1 . 2 ) 

so that (1.1) may identically be aatinfiod. We also take displacement potential 
by 

e = (^1^1) ... (1.3) 

whore 


e = (e^, e*, c*) 


means displacement. Stress potential and displacement potential are related by 

... ( 1 . 4 ) 

with reference to the well known relations 

= (?(a/+V). ... (1.6) 

20 = stands for modulus of shearing elasticity, with 

r — {x\ X*, X*). 

m 



122 


E mid m arc iimdiiliis of longitudinal elasticity and Poisson’s number, respectively. 
Tlic fund ion y(.r’") depends only upon x”*, and vanishes if wo take the boundary 
condition of 

?//^(-J:00) ~ 0. 

(j^ 1,2 and 3). 


T K I - H .\ R M 0 N I (! STRESS FUNCTION 

In (he priwious section, we found displacement potential to be related by the 
relation 

^ ... ( 2 . 1 ) 

Substituting (2.1) into fundamental Eqs. of elasticity 

one finds secular of 


'd.H-A/ai, -(fV + 5/) 

<V-fA//». -(d,2Hdj2) 

which lo ds us to 

|(l-fw)(l— = 0. 

Wo finally obtain 



-0 


for 


ij -1.2 and 3) 


( 2 . 2 ) 


( 2 . 3 ) 

( 2 . 4 ) 


W 7^ 1. 

m( ans stress. Stress funct ions in tliroe dimensional clast ic continumum are governed 
by tn-harmonic Eqs.. There arc six unknown functions /J* and as many Eqs. 
0 (l.l) and (-.4). /'* can uniquely be determined by choosing three independent 
. '*^**1*^® of tri-haiinonie Eqs. This is a generalization of Airy’s bi-harmonic Eqs. 
mot irce dimensional isotropic elastic continumum. 
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SECOND VIRIAL AND ZERO-PHESSURE JOULE- 
THOMSON COEFFICIENTS Cf POLAR AND 
NONPOLAR GASES AND GAS MIXTURES 

i 

M. P. SAKSENA, V. P. S. NAIN S. C. SAXENA 

Depabtmknt of Physios, Ukiversity of KAjjAsTHAN, Jaipur, Ij^dta 
{Beocived June 15, 1966 ; Resubmitted Sej^mber 19, 1966). 

ABSTRACT. The second virial data of a few binwy mixtures involving polar gases 
he VO boon iiiterproLod on tho basis of rigorous theory in oonjunction with the Stookmayer 
potential. The two form«? have been used which differ from each other in tho overlap part. 
Conventional combination rule«i have been used to approximate the unlike interaction from 
the knowledge the of related like interactions. The interpretation is made less ambiguous 
by suitably categorising tho mixtums. Tho data of second ' irial of some nonpolar end polar 
gases, and Joule-Thomson cooftioiont of ammonia are discussed. 

INTRODUCTION 

Hirschfelder, McClure and Weeks (1942), and Rowlinson (1949) employed 
the following Stoekmayer (12-6-3) potential : 

= ... ( 1 ) 

whore 

— 2 cosj cos ^ 2 — sin 6>j sin 9^ cos ^ ••• (2) 

to compute the second virial coefficient of polar gases. Here <j>{r) is the interaction 
potential energy of tho molecules at a separation distance r, 0^ and are the incli- 
nations of the two dipole axes to tho intermolecular axis, xjr is the azimuthal angle 
between them, n is the permanent dipole moment, and e and <r are the two potential 
parameters. Saxena and Joshi (1962) suggested another potential differing from 
that of Eq.(l) in its steepness for the overlap part of the potential. It has the 
explicit form similar to that of Eq.(l) except the repulsive force index is chosen 
to be eighteen and Cq has been preferred for e. The two are simply related as, 

e = ^eo/3VH. ••• (3) 

The potential parameters e or e,, and a are determined by analysing the 
experimental data of second virial, B(T), as a function of temperature, while those 
for mixtures can be obtained by the geometrio mean rules for e or e^, and arithmetic 
mean rule for or. The expressions for B(T) of pure gases, Buis for binary mixtures 
and Joule.Thomson coefficient /*“ for pure gases are given by Hirschfelder, Cartiss 
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and liird (in(i4), T]k> potonlial parameters from the literature as well aa deter- 
ijiincd afresh by us are reeorded for jmre Rases in Table T and for mixtures m 

I’alde TI. 

In this articlr- mo interpret tire second virial data for pure gases and mixtures 
on (hr- abov.' hvo potentials. The gas systems considered involve both polar as 
u(>ll as nonpolar gases. A special effort has been made to present as far as pos- 
sible an iinambiguons iiderpr-etation and in many cases such conclusions are pos- 
sible virile for the remaining this will hr* possible only after a clearer knowledge 
of the assrreiation jrrojrerties of the polar molecules is acquii-ed. 

B{T) and /(^Cp^ for puro gaaos 

'J'lio ealcnlatod and experimental values of B{T) for tlu^ three nonpolar gases 
^ function of temperatuiv in the range where experi- 
incnta] data exist aiv shown in Fig. 1. ^Jlie comparison of theory and experiment 
for iho trwo polai' f^ascs chloroform and di(‘tJiyl-('thcr is shown in Fig. 2. In 
P^igurcs I and 2 the continuous lino represents the B{T) values calculated according 
to the (1 84)) and (l84)-:{) ])ot(‘ntials respectively, wliile the dotted line similarly 
corresponds lo (he (124)) and the (12-6-3) potentials respectively. A similar 
comparison for the three remaining polar gases has already been given earlier by 
Saxena and Joshi (1062a). The experimental data of are very scarce and of 
all the gases discussed lu're experimental values ar(* available onlj’^ for ammonia. 
We show ill Fig. 3 these experimental points compared with the theoretical values 
on (12-6-3) and (18-6-3) potentials. A critical look of these three figures along 
with similar earlier studies reveal some interesting and nsofiil information. Tn 
what follows below we discuss such aspects. 

For tli(^ three gases of Fig. I we find that the scattc^r in the experimental 
points is aj)preeiabl(‘. This particnlarly bothers us, for all these three gases there 

ISOO 
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s 
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^ 1200 

1000 

800 

300 360 400 

T, 

l-'iauBK I. Comparison of oxperimontal and caloulfilod p(T) values for pure nonpolar gases 
as a function of tomporaturo (•, 0 , B’A and A are experimental points, oontinuous and 
dashed curves refer to (18-6-3) and (12.6-3) potentials re.3pootivo1y. 
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is also appreciable difference between the two sets of computed values. Still if 
one tri('.s to compare the theoretical curves with a sort of mean cxpcrinicntal 
curve some preference follows for the (18-6) potential. Saxena and thjshi (19021)) 
studied seven gases (neo-CsHia, C 3 H 4 , SiF 4 , CgHg and CH 4 ) and found 

that except for neo-C^Hig where ( 12 - 6 ) potential |s inferior, both the potentials 
are equally well in reproducing the experimental datali which are also more consistent 
than that of Fig. 1 . Saksena and Saxena (1966) ftirther studied the gases 
NgO, C 2 H 4 and Ng and found that the two ])oteni^als are almost equally good. 
This however is as expected, for in almost all easej| wo are sufficiently below the 
Boyle point- and in this region only the attractive) part of tlie potential plays a 
significant role and that happens to be common in |brm and approximately ecjual 
in magnitude for both thesis potentials. Wo should I'Xpect that iov temj>eraturi‘s 
above Boyle })oint the two potentials will appreciably differ and h(*re (18-()) 
potential is likely to give a lead. 

Saxena and Joshi (1962a) studied ten polar gases (CHgOl, CgH^Cl, (CHgl^CO, 
CH 3 OB, CH 3 F, CHgNOg, CH 3 CHO, NH 3 , H.>() and CH 3 a\) on tlu*. (18-6-3) poten- 
tial. Tins work has been extended to include two mor(‘ gases here viz., tdlCl 3 
and (C 2 H 5 ) 2 (). Fig. 2 indicates that both the potentials are almost (‘qually good 

luoo 


0 

S SOO 

H 

1 

COO 


320 340 300 380 400 

T, 

Kig. 2. 0 )mparisoii of oxpc3ri mental and calaulated ]1(T) values for pure polar gases as 
a function of tomporai-uro 0 and # are experimental points, continuous and dashed curves 
refer to (18-0-3) end (12-0-3) potentials I'o.speotively. 

in reproducing the experimental data. The differonces in the two sets of com- 
puted values, here as well as in the earlier work, are insignificant. This however 
should not be regarded as disappointing for the same reasons as mentioned above 
for the nonpolar gases. 

In dusoxissing the second virial of nonpolar and polar gases above We have 
not taken into account the effect of association between the molecules. The 
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formation of ditncra and assemblies involving still larger number of a molecules 
is more prononneed for polar than for nonpolar molecules. Lambart et al ( 1949 ) 
and i<’ox and Lamberl (1951) have .suggest^'*! that the degree of association and 
its influence on <h(' s(‘cond virial should be estimated from the difference of the 
observed values and that obtained on the basis of Berthelot's ccpiation. Lambert 
d (il (1949) have shown that the degree of association is appreciable for acetoni- 
trile and acetone only while chloroform and diethyl ether hardly show any such 
tendeIle^^ These authors (1949) and Kowlinson (1949) have further shown that 
the potential energy eurv(' is seriously altered in presence of association. The 
depth of the potential energy, the position of the minimum and the general shape 
all "et (diangi'd. This has a .serious impact with out work described here as also 
with th<‘ large amount of work available in the literature which are also based 
on a similar approach. These efforts derive incentive from the possible facts that 
association and its effect on B{T) may be small and more in the plausibility of 
finding such effective values of the potential parameters which can approximatis 
the observed facts tolerably well. This has its own practical utility. Though 
some work has btsen done to disentangle tlu* contributions to virial by the asso- 
ciation over the free molecule, still much remains to be done to permit any accurate 
assessement. 

A more sensitive property for finding out the ap])ropriat eness of a potential 
is the zero pressure Joulc-Thomson coefficient. This theoretical possibility is 
completely offest by the unavailability of appropriate data. The experimental 
data arc available only for water and ammonia. Both these systems have large 
dipole and appreciable quadrupole moments and therefore the potential so far 
discussed are, inappropriate. Saxena and Joshi (1962) therefore extended the rigid 
dipole model of equation (1) by considering the term arising from the interaction 
of the permanent dipole and its induced dipole. This point polarizable 
model was considered by them to explain the second virial coefficient of a 



250 300 350 400 

Fig. 3. Comparison of experimental and theoretical values for ammonia as a func- 

tion of temperature. 0 are experimental points, continuous and dashed curves refer to ( 1 8-8-3) 
and (12-6-3) potentialfi respecjtively. 
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few gases. They found a real change in the values of the potential parameters. 
Saxena^ Joshi and Bamaswamy (1963) found it impossible to correlate B{T) and 
data for water on the basis of a single (12-6-3) or (18-6-3) potential. The 
reason is obvious. Here also we find from Fig. 3 that exerimental values for 
ammonia are not well reproduced by theory. It i*ay be noted that (18-6-3) 
potential leads to better agreement with the experiment than the (12-6-3) potential. 
This may not be regarded as enough proof for the si^criority of the (18-6-3) over 
the (12-6-3) but duo regard may be given of the likely ^better conpetence of (18-6-3) 
potential for correlation. This point which looks ratj^er trivial is important when 
one recalls that the computation of B{T) on a potei^ial appropriate for this gas 
will not be an easy job oven for present age fast spo^ computers 

B{T) for gas Mixtures 

The second virial coefiicient for binary gas mixtures involving polar gases 
liave not been studied so far on the basis of the rigorous kinetic theory. There are 
many reasons for this indifference. The important ones arc the scarcity of experi- 
mental data and lack of theoretical elegance to account for the association effects 
in polar molecules which now appear in a more complicated fashion than for pure 
gases. We endeavour to cut through this inertia and see how best this comparison 
of theory and experiment can be made. We find that experimental data are 
available on six binary gas pairs permuting out of the polar and nonpolar gases 
discussed in the last section. The systems are u-hexane-diethyl ether, w.-hexane- 
chloroform, chloroform-diethyl ether, . cyclohexane-acetonitrile, cyclohexanc- 
acetono and benzene-chloroform. The data on the first two systems are of Fox 
and Lambert (1951), fr the next three systems of Lambert, Murphy and Sanday 
(1954), and for the last pair of Francies and McGlashan (1955) as reported by Huff 
and Bead (1963). We next propose to investigate these data in following arbi- 
trarily chosen categories : 

1. In this we will consider those mixtures which include a combination of 

nonpolar gas with such a polar gas which docs not exhibit any tendency to asso- 
ciate. 

2. Those pairs which comprise a nonpolar and such a polar gas which 
dimerizes only, 

3. And here such gas pairs in w^hich both the components are polar but the 
gases are such which do not exhibit the tendency of association individually i.e. 
in the pure state but do so when two different gases interact. 

4. There are other categories also possible. For example when two polar 
gases form a mixture these individually dimerize but may or may not do so in the 
mixture form. The six gas pairs mentioned above fall in the first three categories 
n-hexane-diethyl ether, n-hexane-ohloroform and benzene-chloroform belong to 

7 
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tho first category, cyclohcxanc-acetonitrile and cyclohexane-acetono to the second 
category while diethyl ether- chloroform to the third category. There are some 
measurements available also on such gas pairs which fall in the categories mentioned 
in 4 above. We defer any consideration of such systems for the time being because 
a lot of ambiguity gets involved due to the polymerisation of like and unlike mole- 
cules. As soon a.s our understanding is improved about the association properties 
of moleculo.s it will be profitable to study such systems and derive some inferences 
from this somewhat resolved and unambiguous study. 


In Table 111 are reported the experimental and theoretically calculated 
values of the quantity on both tho potentials. It is known that in such studies 

Bi 2 is preferred than B^ix because the former is independent of composition and 
is sensitively controlled by the nature of unlike interaction. Of all the possible 
combinations such mixtures which fall in the first category are easiest to interpret 
and the calculations approximate the ideal requirements as far as possible. In 
general, the agreement between both the sct.s of calculated and experimental 
values may be regarded as satisfactory. However, there are some interesting 
details which deserve special mention, hero again the limitation of tho data as 
regards the temperature range comes as a serious handicap. The agreement 
between theory and experiment for pure gases is usually better than for 
obtained in these cases. Tho improvement here also can bo easily obtained in case 
the unlike parameters are determined from 5,2 instead of tho combination rules 


as is done for tho ease of pure gases. The principle reason for not following this 
approach and instead employ tho combination rules is however obvious and as 
mentioned earlier lies in the limited information of the mixture virials. It would 
be a great valuable contribution to produce such data over an extensive tempera- 
ture range so that unlike interaction may be directly determined and thence the 
adequacies of combination rules. This approach will have a sound backing and 
will have the competence to throw some real genuine light on the suitability of 
an mtermolecular potential. For the first two systems of Table 3 we fiund that 
(12-6-3) potential is somewhat preferable than (18-6-3) potential. This is some- 
what ol an illusion when one recalls that for the common constituent of these two 
mixtures, «-hcxane, (18-6-3) potential was distinctly superior over the (12-6-3) 
potential as was also for diethyl ether though for coloroform tho difference is not 
very pronounced. These comments then suggest that the fault lies probably 
w,th tho ,»mb.nali„n rule* for tho (IS.6.3) potential. But at tho rule, for those 
the“i^ arc hkoly to ho idontioal in natnrc tho alteration in one to improve 

» not advimhlo to make an attempt to alter thM« combination rales which have 
shonid be thronehly mvosttgatad as wmn as the oaperimental data have become 
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available. For the third system of Table ITT where five directly observed points 
are available we find that (18-6-3) potential leads to a better agreement with the 
experiment than the (12-6-3) potential. Thus, in view of the present work for 
the three binary systems and the related pure gases fre find that (18-6-3) potential 
seems a bit more promising for correlation than thf (12-6-3) potential. 

Fox and Lambert (1961) have studied the fir|t two systems of Table ITT 
using Berthelot equation for the second virial coefi|siont derived on the basis of 
the principle of corresponding states. They conclu<|Bd that these systems do not 
exhibit any tendency for association. A similar re:^ark holds for the pure com- 
ponents involved. Thus the theory of virials applied |tdequateiy for such nonpolar- 
polar combinations and theoretical calculations mi^ be given as much reliance 
as mixtures of nonpolar gases. 


TABLE 1 

Like interaction parameters for the (18-6-3) and (12-6-3) potentials* 




1^ 


«/kor fo/k 

Q 

b 


Gas 


Dehyo 

/* 


A 

r(*/raolo 

Koforonce 


(n) 





630 

4.07 

85.05 


11 -hexane 






Present work 


(b) 

— 

— 

643.6 

5.01 

158.11 



(«) 





562 

4.40 

107.5 


(’yclohexano 






Present work 


(b) 

— 

— 

680 

4.60 

122.82 



{«) 



— . 

567 

4.26 

97.44 


Benzene 






Pmsent work 


(b) 

--- 

— 

974 

3.50 

54.1 



(a) 


0.10 

633 

3. 57 

57.62 

Present work 

Chloroform 

(b) 

1 .05 

0.10 

1060 

2.98 

33.45 

H.C.B. (1964) 


(a) 


0.11 

595 

3.62 

69.73 


Diethyl ether 

1.1 





Present work 

(b) 


O.IO 

888 

3.36 

43.08 



(a) 


0.88 

389 

3.83 

70,85 

Sexena & 

Joshi (1962a) 

Acetone 

(b) 

2.74 

0.7 

520 

3.76 

66.87 

H.O.B. (1964) 


(9) 


1.60 

349 

4.10 

86.94 

Saxena & 

Joshi (t962a) 

Acetonitrile 

(b) 

3.5 

1.2 

400 

4.02 

82.04 

H.C.B. (1964) 

Ammonia 

7«ir 

1.47 

1.10 

267 

2.70 

24.83 

Saxena & Joshi 








(1962a) 


(b) 


1.0 

820 

2.60 

22.12 

H.C.B. (1964) 


•(a) indioatea the potential parameters for the (18-6-3) while (b) for the (12-6-3). 
b=«(2/3)ir No®, N being Avagadro number. 
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TABLE IT 

Unlike interaction parameters for the (18-6-3) and (12-6-3) potentials.* 






012 


Gas Hvstom 



«ia/* 

A 

^12 






cc/mole 

-hexane- 

(a) 



634 

3.82 

70.3 

IMi loro form 

(l>) 

— 

826 

3.99 

80.2 

vz-hoxtino- 
Die'thyl ether 

(a) 

— 

617 

3 . 85 

56.8 

(b) 

— 

756 

4.18 

92.2 

Cyelohexane- 

(a) 

— 

468 

4.12 

87.9 

Acetono 

(b) 

— 

595 

4.18 

02.2 

<>yolohexano- 

Aeetonitrilo 

(a) 

— 

443 

4.25 

96.8 


(b) 

— 

.'■>22 

4.31 

101 

Chloroform- 
Diethyl ether 

(n) 

0.105 

614 

3.60 

58.6 


(b) 

0.10 

970 

3.17 

40.2 

Benzene- 

Chloroform 

(a) 

— 

599 

3.91 

75.4 


(b) 

— 

1016 

3.24 

42.9 


*(a) indicates the potential parameter!# for the (18-6-3) while 
(b) for the (12-6-3). feja =(2/3) wA'oia'’- 


TABLE III 

Comparison of the calculated and experimental — (cc/mole) values 


Gas System 

T 

Experimental 

Calcnlatod 



(18-6-3) 

(12-6-3) 

w-Hoxano-Diethyl 

ether 

326.2 

1130 

1067 

1090 


352 

940 

879 

928 

V -hoxane-Chloroform 

326.2 

1190 

1131 

1134 


352 

960 

937 

970 

Ben zone - Ch loroform 

315.7 

1300 

1131 

1103 


323.2 

1130 

1071 

1039 


333.7 

1040 

988 

967 


343.2 

960 

928 

884 


349.3 

950 

890 

84S 
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TABLE IV 

Comparison of the calculated and experimental — (cc/mole) values 


Gas system 


Mole-fraction 
of non -polar 
component 

Experimental 

Calculated 

(18-6-3) 

(12-6-3) 

Cyololioxano- Acetonitrile 

320 

0.2 

j«4.5 

2530 

2637 



0.5 

IBOO 

1558 

1549 



0.8 


1210 

1158 


349 

0.2 


1819 

1870 



0.5 


1172 

1173 



0.8 

fliBO 

935 

892 

C j^oloh oxan e - Acoton c 

326 

0.2 

^67 

1266 

1241 



0.5 

11 4C 

1054 

1040 



0.8 

LI 69 

1077 

1100 


349 

0.2 

102.1 

1036 

1027 



0.5 

961 

89R 

875 



o.s 

1026 

960 

926 


TABLE V 

Comparison of the calculated and experimental — Bij(cc/mole) values 
for Chloroform-Diethyl ether mixtures 


T 



Calculated 



(18-6-3) 

(Correspond- 
ing states) 

(12-0-3) 

326.2 

1520 

906 

860 

840 

338 

1290 

827 

800 

764 

352 

1030 

750 

730 

693 

363 

870 

697 

680 

643 

393 

500 

581 

550 

539 


The two systems elaborated in Table IV form the second category and here 
the two polar gases involved viz., acetonitrile and acetone polymerise but such 
effects are absent between the cyclohexane-acetonitrile and cyclohexane-acetone 
molecules in combination. This assumption which conforms the actual state for 
both these pairs offers a simplified procedure for an unambiguous interpretation 
of the experimental results. The pure polar gases no doubt have large association 
as pointed out by Lambert et al(1949). but in the calculation of B,^ix this is easily 
taken care of by putting the observed value for the pure virial. As there is no 
association between the uhlike molecules Bj, remains unaffected. Computed 
Values of Biti {0 for both the potentials are recorded in Table IV as function of com- 
position at a particular temperature. We have for these systems ooUsidered 
values instead of because it was foimd that it is not posrible to uniquely 
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chooser a sing](' value of /?j 2 for tlio ontiro of composition. This is an important 
ol).s(Tvation and may its bearing on the fact that one component of the mix- 
tiire polymerises indivicliially and consequently this is a property of all systems 
which belong to tin's category. It is pleasant to note in the Table that in all cases 
theory and experimi'iit an' in good agreement. This we regard as particularly 
important and a good support for the assumptions made to explain the behaviour 
of systems falling in this group. The two potentials in almost all cases lead to 
hiirly identical results though if we critically examine (18-6-3) potential is a bit 
superior. 

The data for om* system, chloroform-diethyl ether, where both the compo- 
nents are polar, conform to the category third. They however show association 
when in combination. The estimation of therefore from theory will not be 
directly comparable to the observed values because in theory we have not taken 
into account such effects. In fact the computed values should fall short to the 
directly observed values. In Table V we have listed the experimental Bjg values 
as a function of temperature along with the computed values on the two potentials 
for the system. Indeed it will be noticed that the experimental values are always 
much higher than the calculated values and are in complete conformity with the 
prediction of the Bert helot \s equation. 


CONCLUSIONS 

This study reveals several very interesting indications and inferences. The 
limitations of the availability of the appropriate type of data came in the way 
to extend the comparison of theory and experiment on a more elaborate level. 
This naturally puts an hesitation in emphasizing the particular features this paper 
has brought into light but still it is worthwhile as well as advisable to sum up 
w at may be called as provisional conclusions to which future investigations should 
purport to Btrengthen. These arc, 


. mixtures involving polar gases are not amenable to that 

straightforward interpretation as in the case of nonpolar gases. Some caution 

rt IT ^ dependable interpretation. 

Jf Ltr r and the association properties 

of the molecules are big help for such a study. 

the mix/*'']? first time to interpret 

.n r “-po-li"* potenual. for L- 

g those cases where their applicability is permissible. 

«P«ri™ce of (18.6) wd (12-6) poteiiti.1. for 

at of «« bahaTioor Z 

fgh tomiMrata™, ^ ^ ^ to „ .otod 
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test as soon as the proper data become available. This belief stems out from 
several indications where (18-6-3) is found superior to (12-6-3). 

4. The categorisation of mixtures involving ..polar gases suggestcid here 
is arbitrary and artificial but has its basis in great Convenience of interpretation 
and similarity of behaviour. It makes possible tefc think that combinations of 
polar and nonpolar gases which do not associate inidividually or in combination 
are easily intorpretable like mixtures of nonpolar ijases. Such combinations in 
which polar component associates while its other ndiipolar partner as well as the 
combination do not, we find correlation of Bmtx is pCssiblo. This approach is not 
quite fi'ce from objection for the representation of th| polar gas behaviour by such 
an approach is an approximation. How to modify the theory to user the asso- 
ciation effects is still a problem to solve adequately. However the present effort 
suggests a bold easy wayout for the time being. We also find that the contribu- 
tion to virial is very large when the combination of two pure components only 
exhibits association. Obviously the situation will become still more delicate 
w^hen pure molecules will also show such association individually. 

5. In interpreting the results we find that it is of great importance to know 
bow far association effects are possible in individual molecules and when they 
combine. Unfortunately at the moment no definite procedure exists to do such 
a calculation though some efforts in this direction are being made recently. 
The use of Berthelot’s equation to estimate qualitatively the presence of associa- 
tion is also only a rough approximation. 

A r K X O VV ]. E jD O M E X I’ S 

We are thankful to the Ministry of Ikd’encc and the Council of Scientific 
and Industrial Research, New Dcdhi, for supporting this work. The a\^ards of 
senior and junior research fellowships to M.P.S and V.P.S. respectively are also 
gratefully acknowledged. 


R E F E R E N 0 E S 

liuckiugham, A. D. and Pople, J. A., 1955 Truna, Farad, 61, 1 173. 

Fox, J. H. P. and Lambert, J. D., 1957, Proo. Jioy, JSoc, (London) A201, 557. 

Francia, P. (». and MoGlashnn, M. L., 1955, Trams, Farad. Soc, 61, 593. 

HirschfeJder, J. O., McClure, F. T. and Weeks, I. F., J94L\ J. Chem. Phys. 10, 201. 
Hirsohfolder, J. O., Curtiss, C. F. and Bird, R. B., 1964, MolecuUxr Theory of Oascis and 
Liquids, John WiJev & Sons, Inc., Now York. 

Huff, J. A. and Reed, T. M., 1963, J. Chem. Eng. Data 8 , 306. 

Lambert, J. D., Murphy, J. J. and Sandav, A. P., 1954, Proc, Roy. Soc. (London) A286, 
1954. 

Lambert, J. D., Roberts, G. A, H., KowliiiHon, J. S. and Wilkinson, V. J., 1949, Proc. 

Roy. Eoo. (London) A196> 113* 

Kowlinaon, J. S,, 1949,. Tram. Farad. Soc. 45, 974. 

Saksena, M. P. and Saxona, S. C., 1966 Proc. Eatl. Imi. Set. (India), 32» 170. 

Saxana, S. O. and Joahi, K. M., 1962a, Phys. Fluids, 6, 1217. 

1962b, h^ian J. Phys., 36, 422, 

Baxena, S. C., Joshi, K. M. and Ramaswemy, 8,, 1963, Indian J. Pure and AppL Phys. 
1, 420. 



17 


BAND ENERGY OF GOLD 

S. CHATTERJEE and D. K. CHAKRABORTY 

Indian AssoriATioN for this cultivation of Scienck, 

CALCFTTA-I^i. 

{Received June 9, 1996) 

ABSTRACT. The luind onorgy of gold has been ca-Unilated for the point of llio Brillouin 
Znno by the Augmontod IManc Wave (A.P.VV.) method with thw help of the universal poton- 
tial given by Ciawpar for the noble inotal«. The (convergence was tested for the state l\ and 
i.s to bo quite ra}jid. 


1 N T K O D U C T 1 C) N 

The problem of finding the energy levels in a solid is essentially a manybody 
one the solution of which is practically impossible w ilhout the h(*lp of some approxi- 
mation methods. In practice, one starts w ith one electron Schrodinger equation 
with a potential which is periodic with the period of the crystal lattice. The energy 
is then calculated by a proper choice of the one electron wave function which 
must satisfy the Block’s condition 


= c< * %(r) 

where A; is a vector of the momentum spac j and the function (r) has the perio- 
dicity of the crystal lattice. There arc various methods to find out the form of 

%.(/•) of which the simplest one is to expand (r) in terms of plane waves whose 
wave vectors arc the reciprocal lattice vectors. But this method has the disad- 
vantage that the lowest value of the secular equation may converge to the lowest 
eigen value of the atomic states thus necessitating large number of terms in the 
expansion. This difficulty has been overcome by Herring (1940) in his Ortho- 
gonalized Plane Wave (O.P.W.) method by orthogonalizing the plane waves with 
atomic core states. Although this method has become very successful in the 
case of simple metals and semi conductors, its success depends on the accurate 
knowledge of the atomic eigen values and eigon functions in advance. Another 
serious difficulty of this method is that for some symmetry states the opw’s may 
be automatically orthogonal to the core states and hence the convergence will 
be poor. This point has been discussed by Hermann (1954) who suggests that in 
order to improve the convergence, one must add some function to the opw’s which 
will be rapidly varying near the nucleus of the atoms forming the solid. But 
in the present formalism of the O.P.W. method, there is not much scope in adding 
rapidly varying functions near the nucleus. 
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There is yet another method, the Augmented Plane Wave Method, which 
takes into account many of the above discrepancies. Tn fact Slater (1964) has 
pointed out that the Augmented Plane Wave method if a direct answer to Herman’s 
problem of addition of rapidly varying function tiear the nucleus. Another 
disadvantage of the O.P.W. method is that it requiijBS the accurate knowledge 
of eigenvalues and eigen functions in addition to the knowledge of the potential. 
That is why the O.P.W. method has not been triecl; in case of heavier metals 
such as gold because of the nonavailability of Ej^rtrce-Fock solution of the 
atomic states. 

I 

The Augmented Plane Wave method was origina|ly proi)osod by Slater (1937) 
and later modified by Slater and Saffron (1953). Sinefe then there have been many 
applications of the method by various authors. Among them the most notable 
ones are Howarth (1955) and Burdick (1963). Both of them have applied the 
method to copper with different potentials but very little has been attempted in 
tlie case of the other two noble metals e.g. silver and gold. Since there is aheady 
one calculation on silver by the O.P.W. method (Chatterjee and Sen, 1966), we 
have attempted in this i)aper to calculate the energy bands in gold by the Aug- 
mented Plane Wave Method. 

() U T LIN h: O ¥ THE M E T O D 

The augmented plane wave method has been originally proposed by Slater 
(1937) and later modified by Slater Saffren and (1963), and successfully applied 
to copper by Howarth (1965), Following these authors each augmented plane 
wave may be written as 

fi— On [e(r— ro)e* * ' ’’ +e(r<— r) S 

( 1 ) 

where e is a step function 

e{z) — 1 for X 0 
e{x) = 0 for a? < 0 

UeroAr is the reduced wave vector, is the radius of the inscribed sphere on which 
the plane wave are joined with the spherical waves and Ri{E, r) is the solution 
of the radial equation. 

^ I (** f ‘ ) + [*-"'<’■>- ]*' = “ 

with the energy E which is the expectation energy of the augmented planes wave* 
Thus, in the construction of each augmented plane wave one computes the radial 
8 
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wave functions lli{E, /■) for a number of energies and / and then finds out the cor- 
rect value of H and r) from the following equation where w is the volume 
of the unit cell outside the inscribed sphere. 

[ t In B,{E, r) ... (3) 

J LuT y» y. 

Equation (3) is tlu^ condition for the expectation energy. The e(juation is Hatiaficd* 
by inoaiis of trial and is quite laborious. But once the aiigniented plane waves 
arc constructed accurately the problem becomes quite easy. One then utilises 
t]i(‘ variational procedure basi^l on the linear combination of to obtain the 
secular equation. The matrix elements of the secular equation ar(5 given by 

— > — ► 

< kjk-, > = -47rr/-! { O’. 1 ''i) 

\k,-k,\ ' 

-lJ(2f+l)j/(4’iri)j,(iV-.)/Mcos ... (4a) 


where /, = [ J- r,)- lu Ri(E^, r<) j for 

and 

< *1 I H I ^2 > =: i-j.fcj ^ ^ 

I fcj k^ I 


-+47rr,22(2/+l)j;(<;jri)jj(i'2r,)P, (cos dkiks)Ji 

where 


(6) 


' [-^1 ^ lnRi(E^ r)-E^ lnRi(E^ r) j (P^-P^)-! for 


r=r: 




h K S U L T 8 N D DISCUSSION 

bv rr sold/the radial equation (2) is solved numericaUy 

y moans of the Numerov method (Pratt, 1962) with the universal potential given 
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by Caspar (1 963). Sinco at present we are concerned with the power of convergence 
of th(^ method, wc have taken nine augmented plane waves for the point F of the 
Brillonin zone corresponding to the wave vectors (000) and (111). We have solved 
the radial wave equation (2) for Z =r 0 to Z = 6. For Z > 6 the contribution to the 

right hand side of equation (3) become negligible. The valuc of In Bi (F, r) j 

T—Tf 

aro given for the augmented plane wave with the redyiced wave vector (111). 

TABLE I : 



1 

Enerfjy E 


■ ill'”"'] 

-.85 ryd. 0 

-0.2r>65J> 

-0.93825 

0 

-9.01597 

-38.60300 

1 

- 1.82468 

- 0.24450 

o 

-f 0.00902 

- 0.71450 

1 r\ d . ,‘l 

- 0.09:i9l 

- 0.80400 

4 

- 0.77279 

0.30050 

5 

1.31440 

{ 0.19900 

0 

-1 1.28000 

- 0.22800 


The nine by nine secular determinant has been factorised by the group 
theoretical consideration to give the states Fj. Fjs, F^j' and Fj' of which the deter- 
rninant for F^ is two by two and all the other states are one by one. The values 
are given in Table II from which the convergence for the state Fj can be seen to 
bo quite rapid. 


TABLE II 

Value of the energy in ryd 


Stat-ca 

1st. order 

2nd order 

Ti 

- .84908 

- . 85004 

Tib 

.76034 


r'25 

1 .34997 


Ta' 

1.48467 



The calculation for the other symmetry points L and X and for the highei^ waves 
for the point is under progress, 
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ABSTRACT. A glaitn furnace for the growth of siillgle crystals of naphthalene (m.p. 
SO^C) from the molt by Bridgman-Stockbarger method is- described. Crystals upto 1 in. in 
diameter and 8 in. in length can bo easily grown. Differeiit parameters affecting the growth 
of single crystals and various laboratory procedures have been outlined. The furnace, with 
suitable alterations, can also be used to grow single crystals of anthracene (m.p. 217‘’C). 

INTRODUCTION 

Tho increasing amount of interest in the studies of semiconducting, optical 
and ultrasonic properties of naphthalene and anthracene have prompted various 
workers in growing single crystals of these materials. A large number of methods 
are available for growing crystals of various materials (Buckley, 1961; Lawson 
and Nielson, 1968; Gilman, 1963; Reynolds, 1963). Many theories have been 
developed to account for the various phenomena observed in crjrstal growth, 
but these are of very little assistance in the actual crystal growth in labora- 
tories. For convenient operation and handling, every material requires a parti- 
cular method for crystal growth, the selection of which depends much upon 
the melting point, chemical properties and crystal structure of the material. 
A method suitable for one material may be totally unsuitable for the growth of 
another material because of differences in melting point or chemical properties. 

Although it appears that Bridgman (1925)-Stookbarger (1936) method is 
more frequently used, it is not the only available and not necessarily even the 
best method. Vapour phase or sublimation method (Volmer and Schultze, 1931; 
Obreimov and Prikhotjko, 1932; Lipsett, 1967; Mark, 1961) has been successfully 
used for growing single crystals of naphthalene in the form of flat platelets. Stober’s 
method (1926) in which the crystal container is kept stationary and the 
temperature gradient varied, has been used by Belyaev et al (1969) and in a modi- 
fied form by Roussett and Lochet (1942) to obtain good crystals of naphthalene. 
Kyropoulos (1926) method has also been used for obtaining large single crystals 
of naphthalene (Lawson and Nielsen, 1968). 

Hendricks and Jefferson (1933) were probably the first to grow naphthalene 
crystals from melt. They adopted the method of Obreimov and Shubnikov 

*On leave of absence from Education Department, Government of Madhya Pradeeh, 
Bhopah 
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(1924) which is a mcxlifioaf ioii of methods devised by Tamman (1923) and also 
v<Ty much identical (o Bridgman’s method for growing inorganic crystals from 
ra<'lt. Bridgman’s method lias been extended by many workers (Foazle and Smith, 
1948; Pimentel and McClellan. 1952; Pick and Wissman, 1964; Riehl, 1966; 
Sangster and Irviiu', 1956; Lipsett. 1957, 1958; Yun and Beyer, 1964) for the 
preparation of large naphthalene crystals and is now mostly used. 

K K (.) i: r I! K M K N T S K O It T tl K Cl K O W T H OK I.AROK 
fSlXOLK CRYSTALS OF X A P H T Tl A L E N E BY 
B U T D O M A N-S T O C K B A R a E R M E T H O D 

In this method the material is melted in an evacuated glass capsule and very 
slowly lowered through a furnace which should have a sharp vertical temperature 
gradient near the crystal solid-liquid interfiree. A good large single crystal can 
be obtained depending upon the following parameters. 

(a) Fvrnace dmgn 

The two essential points in designing a furnace for Bridgman-Stockbarger 
method are, achievement of good terapi'raturi' gradient and convenience in ope- 
rating and handling the furnace. The best form of temperature gradiimt is shown 
schematically in Fig 1. The maximum temperature should be kept 26° to tO"C 



ove the molting point of naphthalene (80° C) to get rid of all traces of crystal- 
mity m the melt. The temperature should faU gradually until the lowest part 
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of tile top section is reached, and then it should drop abruptly, preferably to 65“ 
or 70“C from 80X\ 

(b) Lowering rate 

The diificulties in growing large naphthalene (;rystals are mainly b(^cause 
of its groat supercooling tendencies and low thermal conductivity. Almost all 
the lieat of fusion of the growing crystal must lie removed through the solid, 
which means that najihthalene due to poor thermij^l conductivity will take much 
time to solidify. Hence, lowering rate should be?ivery slow, of the order of 0.1 
in. /hr or even k^ss. The container is usually mo\|ed through the furnace by an 
electrically driven geared motor. 

(b) Shape of crystal container 

The super cooling tendencies of naphthakme aiul otlu r organics required 
considc'rable care in the construction of crystal container. In designing the 
contaiiKu-s, the attempt is to initiate the growth of a singe crystal at a point or 
(jonstriction. A number of crystal containers ol‘ various shapes, as shown in Fig. 2, 



Ca) Cb) (c) (d) (S') (f) O') 

* 2 . Containers employed by variouft workers k)r the growth of single erystals : (a), Cons- 
tricted bulb (Bridgman, 1925 and othei's) ; (b), Conical tip (Stockbargor ( 1 936); 
(o), pointed capilhiry (Huber, ot ul., 1949; Loriingor, 1952); (d), oousiructed bulb 
of lai*go area (Lipsett, 1957); (c), iSpii'al tip (Speridiarov and Aleksandrov, 1959); 
(f), baffle tip (Sherwood and Tliompson, I960) ; and (g), ordinary thin capillary lip. 

have been used by various workers. The authors have tried all those crystal 
containers and found type (d) and (e) the most suitable for naphthalene. 

(d) Purity of naphthalene 

When growing crystals by the Bridgman method, it is essential to use only 
material of the highest purity. Various methods are available for purification 
which include ohromatography, multiple vacuum sublimation, vacuum sublimation 
with sulphuric acid treatment (Okamoto, et dl,, 1962), normal freezing (Lipsett, 
1967) and zone refining (Wolf and Deutsch, 1964; Herington et ah, 1966; Hayakawa, 
1966; Inokuchi, 1966). In general, it has not been proved that any one of the 
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above methods (excluding zone refining) possess advantages over others. Thus, 
olio must carry out the purification by a combination of more than one of these 
methods. However, zone refining gives extremely pure naphthalene. 

F U K N A C5 E F O K CRYSTAL GROWTH 

A furnace incorporating the salient features discussed in the last section has 
Ix^oii constructed in this laboratory. It is some what similar in design to that of 
Lipsett (1958). 

Tlie furnace, shown in Fig. 3, consists of two, main sections — an upper Pyrox 
glass tube on which heater wire is wound and the lower biass tubes which are left 
at room temperature. The pyrex tube is 18 in 4 long and 60 mm in diameter, 
llie txib(‘ rests on a thin (2 mm) asbestos projection which is 8Uj)ported by J in. 
thick paxolin disc. The paxolin disc sits in a groove in support iron base plate, 
14 in. square, and is fixed by three screws (not shown in the figure). The upper 
end of the pyrex tube fits tightly in a asbestos disc. A brass disc rests on the top 
of this asbestos disc. The top asbestos and the brass discs are secured in position 
by thre(' iron spacers. This keeps the pyrox tube permanently in fixed position. 
The spacers are covej od throughout their length by ceramic beads to prevent the 
heat being conducted to the top brass disc. This furnace is covered by galvanized 
ii on sheet. The bottom section of the furnace consists of two tight fitting brass 
tubings. The lower tube is fitted to bottom iron base plate. This tube is 10 in. 
long and of 23 in. inner diameter and has a circular flange attached to it at the top. 
Two iron rods are firmly screwed in the top flange of the tube. The other tube 
which can slide up and down the iron rods is of 2| in, outer diameter and is 17 in. 
long. This tube can be fixed in any position on the. rods by moans of two set- 
screws. These brass tubes have been chromium plated. A piece of sponge rubber 
is placed inside the fixed bottom tube so that the crystal container is not broken 
due to some accidental release. The support base plate rests on four legs, made 
of 1 J in. iron pipes. The complete unit is placed on a rubber sheet so as to reduce 
the effect of building and other vibrations to the furnace. The electric clock 
mechanism, etc., are mounted on the support base plate. 

Two independent heaters have been used. The heater wires are insulated 
by small ceramic beads. The two heaters are connected together by means of a 
small ceramic connecting terminal strip so that they are aiTanged mechanicallly 
as a single wire, but are electrically insulated from each other. Stainless 
steel strips are used as anchors for the heater wire terminals. The wire is wound 
on the pyrex tube which is wrapped with asbestos paper to prevent slipping of 
the windings. The four heater leads are taken out through four small holes in 
the shield. Care is taken that no air leaks through these holes. All the, leads are 
connected by means of screws and nuts, as hard soldering of the heator wires to 
the terminal leads in the furnace have a tendency to break after some heating 
9 
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cwlinB cvcle. P-.w,-, to both tho top .nd bottom hoator i. applied tom two 
;«™blo fWon,.™ bd tom A.O^ lino otobiltof. Tho ^ ^ 

imrtion of the funmoo i» morly llO'O whilo .t h,« boon adjaob^d to 80 C at th,^ 
Lllom, A therm, Koupio h.o bmm pe-rmanontly Httod to rcoortl tho tomperatum 

of tJio funiiici'. 

\ii oloclrii- clock mccliatiism has been used for lowering the crystals container. 
(Uic i.s taken to se<' that no undue strain is being exerted on the clock's gear 
ti'ain A brass shaft of i in. diameter passes through a ball bearing fitted in a 
brass hanger (U in Fig. 3) and projects on either side. One side of the shaft is 
eounlod to the hour hand of the clock throiigli a universal joint (A) which is bushed 
at one end to lit tlic clock. On the other end of the shaft, small wheel (C) with 
a •noovi! of nearly 3/10 in. diameter is placed with the help of two setscrews. The 
whe supporting the crystal container is wound on this wheel. This wire passes 
from the wheel over two other ball-bearing pulleys through a small hole drilled 
in th(' top discs and is attaclied to a hanger which keeps the wire taut when no 
crystal container i.s suspended in tlu^ furnace. The crystal container is fasteneel to 
a collar at the bottom of this hanger. The usual rate of descent of the crystal 
contaiiier with 3/10 in. diameler wheel is about 0.049 in. in an hour. Ihis could 
bo made Ichs by employing a whecd of smaller diameter. 


I. A B 0 \i A T () K Y r H O C E 1.) U R H S 

Tho actual growth of a crystal is only a small part in the production of a 
final finished crystal. Many laboratory procedure's have to be carried on before 
and after tho gro^rh. The crystal container is throughly cleaned (Rosebury, 
196f)), then filled with naphthalene, evacuated upto a pressure of 10““® torr and 
sealed. 

After crystal is grown, it is carefully taken out by cutting the container 
(Lipsett, 1957). It is then examined for principal cleavage plane (Lipsett, 1967). 
Naphthalene crystallizes in the space group (monoclinic crystal struc- 

ture) and tho principal cleavage plane is the aft-plane (Bannerjee, 1930; Abrahams, 
et at,, 1949; Robertson, 1953; Winchell, 1954). Since solid naphthalene forms a 
biaxial crystal, it is possible to identify a single crystal and the location of ft-axis 
by using a polarizing microscope (Winchell, 1947; Menzies and Skinner, 1949; 
Pimentel and McClellan, 1952; Lipsett, 1957; Bless, 1961). The polishing of 
crystals is an important part in the production of crystals and standard techniques 
(Lipsett, 1957; Yun and Beyer, 1964) have been used. The polished surfaces of 
naphthalene crystals deteriorate by sublimation. To preserve the surfaces, 
one should keep naphthalene crystals either in an inert atmosphere or in a 
frigidare. 
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K E M A H K S 

The furnace described above has proved very successful in growing naph- 
thalene single crystals. Insertion or removal of a crystal container hardly takes 
a few minutes. Naphthalene single crystals upto 1 in. in diameter and 8 in. 
long have been grown in the furnace. Large diameter naphthalene single crystals 
upto 2 in. can be grown if the pyrex tube diameter is 5 in. or more. The rate of 
descent of the crystal container then should also ]|^ reduced to 0.01 in. per hour. 
Longer crystals can be obtained simply by using; longer furnaces. The furnace 
described above can also be conveniently used fo^ growing single crystals of an- 
thracene (m.p. 217''C) by suitably altering the p^^wer input to the two heaters. 
Anthracene powder has, however, to be sealed \m the container at a pressure of 
10' ® torr to avoid degassing. Moreover, no light should fall during crystal growtli, 
oiherwise photochemical reactions will take place. 

It should be mentioned that cutting and polishing of crystals occupies an 
important place in the production of single crystals. It is more difficult to cut 
and polish a crystal without fracturing it than to grow the crystal initially iin- 
fra(?tured. 

Th(‘8e crystals are being used for studying electrical propertie's of naphtha- 
I<‘ne. These results would be reported elsewhere. 
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IMAGE INVERSION OF GEIGER PULSE 
R. C. SASTRT AND S. D. CHATTERJEE 

Jadavpitr UjfivERSiTY, Calci^ta, India. 

{Received January 25, 1007) 

In a normal Geiger counter operation, it is customary to maintain the axial 
wire at a positive potential, as suggested in the original paper of Geiger and 
Muller (1928) Such an arivangement yields a negative pulse at the wire due 
to th(^ collection of electrons. The mechanism of pulse formation due to the 
motion of ions in an ion-chamber or a counter and its effect on external circuits 
lias been discusH(‘d in some details by Curran and Craggs (1949). Curran and 
Reid (1948) have also described properties of some new types of counters, viz., 
(1) rectangular cathode with symmetrical and non-S5mametricaI wires and (2) 
circular cylindrical cathode with non-axial wire. In either case, such counters 
sliown improved dead time and reduced coincident cosmic-ray background. 

Using the second type of counter, having both an axial and a non-axial wires 
situated within tJie same circular cylindrical cathode, an interesting new feature 
has been obsiTved. The circuit arrangement is depicted in Fig. 1 . 



Fig. J . Circuit arrangement for the study of image inverted pulses in a Geiger counter. 

Octse A : Negative potential is applied to"^the cylinder. The axial wire 
^ I has a bigger diameter (--12 mil) than that of the offset wire Aa(~4 mil). The 
former is connected to ground through a resistance It so that the pulse could bo 
transferred to a Tektronix oscilloscope; C is the distributed capacity of the wire 
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and anything altaclicd olootrically to it. The offset wire is normally grounded 
either di?’eetly or through an auxiliary hattery. 

Tlie axial wire Juieing a relatively large diameter, does not promote Town- 
send avalanche in its neighbonrliood and is in a (juiescent state with a moderate 
cathode voltage, wJk'U the offset wire is left floating. However, wdien the latter 
is grounded, positive pids('s simulting Geiger imlses appear at the terminal of the 
axial wire. The rise time and dead lime of these pulses are of the same order of 
magnitude' as of Geiger pulses, although the amplitude is correspondingly less. 
The latter can he varied within limits by varying the voltage of an auxiliary battery 
connected to the offsi't wire A„. Fig. 2 give.s a photographic reproduction of such 
positive pulses. 



Ficr. 2. FmtijTo invttrtod (positivo) pulsos at tlii^ trrniitial of the nnial wire. 

B : The operating eonditioii of the counter is kept the same as before, 
excepting that the tAvo wires an* made icJentical in diameter 4 mil.). Under 
such conditions, tht* counter a])p(’ars t o behave as two separate counters. However, 
the pulses appearing at tlve axial wire (consist of both ])ositivc and negative pulses 
as shown in Fig. 3. 71ie reflected positk e pulses look sharper, because of smaller 
time-constant of the offset wire^assembly. 



Fig, 3. Image invortod (positive) pulsos, superimposed oa normal Geiger (negative) pulsest 
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With slight modification of thci circuit parameters, the behaviour of the axial 
and non-axial wires can be luadc! mutually rtiversible. It may, however, be noted 
that the field-strength in the multiplicative region of th(! non-axial wire is about 
15 pt'r cent higher (Curran el al. 1948) than the field-itrength at the corresponding 
region of the axial wire, resulting in a lower threshoW potential of the former. 

Looking at the results, it seems reasonable to sii^posc that case A represents 
the physical situation of a charged hollow cylinder jenclosing two parallel cylin- 
drical conductors of same finite lengths and having different diameters. The 
axial wire is grounded through a resistor, while th(“ fcon-axial one is subjected to 
intermittent and transient charges. Accordingly, th^ posit ive pulses may possibly 
be identified with image inverted pulses, whose anq)litud(' depends upon image 
attenuation factoi's (Harnwell, 1949). 

i< K I’ !•: Jt !•: \ (' !•: s 
II. and W. J^lnfs. leH. 29. 
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TEMPERATURE VARIATION OF THE PHOTOELASTIC 
CONSTANTS OF AMMONIUM CHLORIDE 

K. V. KRISHNA RAO and V. G. KRISHNA MURTY 

I’llYHICS DKrAIlTMUNT, OSMANIA U NlVKKSITY, HyDKHAHAU,-?. 

{lice rived November 10, J966). 


Jri it iiajjer (l^ao and Murly, 19(H)) from this laboratory, tliu toiupora- 

tur('. dopondonc(^ of the photoelastie behaviour of a number of cubic crystals 
of NaCl typo has lieon described. As ammonium chloride belongs to OaCl type 
and is I'ound to ahoAV a behaviour diffenmt from NaCl tyjx? crystals with regard 
to variation of elastic constants with temperature (Bhagavantam, 1955), it is 
thought worthwhile to study the temperature dependence of its photoelastie 
constants also. 

Using the same procedure as described earlif‘r (Rao and Murty, 19()()), tlui 
photoelastie constants of ammonium chloride have be(‘n determined at varioUvS 
temperatures in the range 35''C to lOO'^C. It was not possible to make observa- 
tions above 100”C, as the crystal became translucent beyond lOO'^C, probably 
due to tht' onset of sublimation. The data on the thermal expansion and the 
thermoolastic behaviour, needed for evaluating the photoelestic constants at 
various temperatures, have been taken from literature (Sharma, 1950 and Subrah- 
inaiiyam, 1954). As tlie data on the thermoelastic behaviour is not available', 
the value otdHjdl is calculated using Ramachandran's theory (1947) on the thermo- 
optic behaviour of solids. 

Table 1 shows the values of the photoelastie constants obtained at different 
temperatures. The stress and the strain optical constants are found to increase 
numerically with temperature. In the temperature range studied, the variation 
in (gii— is only 14.0%, whereas thev ariation in is much larger, being 
24.7%. Thus the behaviour of ammonium chloride, with respcKJt to photoelasti- 


TABLE 1 


Tomnerature 

-('iu-2ia)X 10^3 

C.U.fS. 

l\y 

Pxl 

(/44 X 1013 
O.G.S. 


35 

2.95 

0.J61 

0.251 

4.28 

0.032 

60 

3.11 

0.169 

0.263 

4.70 

0.034 

80 

3.25 

0.176 

0.274 

5.03 

0.036 

100 

3.38 

0.J82 

0.284 

6.35 

0.036 
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city also, is different from NaCl type crystals, in which the variation in 
is larger than in q^^. It will bo interesting to study whether other CsCl type 
crystals also behave in the same manner. 
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ROENTGENOGRAPHISCHE CHEME. By Brandenberger and Epprecht 
Publisher : Birkhauser Verlag, Switzerland. 

‘ Roontgenograpliische Chcmie” by Brandenberger and Epprecht is a mono- 
grapJi on the application of X-ray diffraction methods in chemistry. At first it 
gives in short the various experimental methods in X-ray studies of crystalline 
materials. A short, chapter is added to describe the electron diffraction and neu- 
tron diffraction studies of crystals. The application of X-ray diffraction studies 
to identify the typo of the crystalline materials are explained subsequently. 
The authors then elaborate, the distinction between the X-ray diffraction patterns 
of mixed crystals and explain how this can bo used to analyse the mixtures of 
various crystalline materials. Another chapter gives the methods that may be 
used to follow chemical reactions. The characterisation of the condition of per- 
fection in the crystals by X-ray and electron diffraction method is also described 
in some details. The last chapter describes in short the general method of determi- 
nation of atomic arrangements in crystals. The monograph is useful so far as the 
practical application of X-ray diffraction methods for the identification and ana- 
lysis of crystalline phases in various t3q)e8 of materials arc concerned. The 
subject matter is presented without the details of the mathematical theories of 
X-ray diffraction. Every chapter contains at the end, a list of references which 
is the best asset of the book. In the chapter on identification and analysis of 
mixtures, it would have been more useful for the beginners to have some practical 
examples indicating the whole procedures as applied to a few typical unknown 
mixtures. The book is a lucid and easy reading presentation of the topics men- 
tioned above for which the authors are to be congratulated. The printing and the 
paper is very good. The photographs and figures are well reproduced. 

B. K. Sen 

MATHEMATICAL APPARATUS OP THE THEORY OF ANGULAR MO- 
MENTUM. By A. P. Yutsis, I. B. Levinson and V. V. Vanagas, PubUshed 
by the Israel Program for Scientific translation : Price... 

The book under review, an English translation from the original Russian, 
18 an important and fruitful contribution to the current literature on the highly 
useful and specialized branch of quantum mechanics — ^the theory of angular 
momentum. It starts with a brief discussion of the relation between angul ar 
momentum operators and spatial rotations. The subsequent chapters mainly 
deal to begm with the problem of vector addition of two angular momenta, then 
wi 0 pro em of addition of an arbitrary number of angular momenta, emd 
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finally discuss the various properties of vector coupling co-efficients. A major 
part has been devoted to the highly useful graphical methods for operations with 
Jm- and 3nJ.coefficionts, and properties of irreducible tensor operators and their 
matric elements. The book, thus, may be considered as a review of the proper- 
ties of vector coupling co-efficients — ^the so-calle(^ Clebs-Gordon and Wigner co- 
efficients, an important mathematical apparatus; in the quantum mechanical 
calculations involving the coupling of a number of^angular momentum operators. 
In vector coupling problem, one usually finds ^rious terminologies, used by 
different workers such as Clebs-Gordon coefficient^, Wigner coefficients, Racah’s 
W-coefficients, 3J-coefficients, Jm-coefficients, |nJ-coefficients etc., between 
which confusion in definitions is often met with in literature. The authors have, 
carefully preserved their distinction to their as well as readers’ convenience 
wnth specific definition for each of them. 

The authors appear to have assumed the reader’s preliminary acquaintance 
with the methods of group theory and the properties of quantum mechanical 
angular momentum operator and one encounters the frequent reference to Condon 
and Shortby’s book “The Theory of Atomic Spectra”. Wigner’s book “Group 
theory” and Recah’s work (1942, Phya, Rev), Moreover, many of the results and 
mathematical inferences have been simply quoted without giving their proofs, 
perhaps to avoid cumbrous and tedious algebraic compulation. Stress has been 
laid on the methods of calculation rather than on the derivation of these methods. 
Of course, the authors did not fail to give the complete references of the original 
works where an inquisitive reader may find the necessary proofs to his satisfaction. 
On the whole, the book will be highly useful to the scientific workers engaged in 
advanced research in many branches of Theoretical Physics, and interested more 
in having the ready formulae and methods of calculation rather than in their 
complicated derivations. 

As stated earlier, the present contribution is a translation from the original 
Russian and the reviewer is unable to assure the faithfullness to the translations. 
However, the translator in his note admits that “translation, unlike rotation, 
cannot be always represented in a ‘unitary’ form”. Even assuming unavoidable 
deviations from the original Russian, the translation lacks no clarity, continuity 
and lucidity of exposition. 

V, 8. Ohoah 


INTRODUCTION TO PHYSICS— A. Kitaigorodsky; Foreign Languages Pub- 
lishing House, Moscow; 720 pages. Translated from Russian by 0. Smith. 

The book is meant for those who after leaving the secondary school have 
taken up engineering as their subject of study. It covers the entire field of Physics 
except those which are taught in high schools. The book is divided inc^o three 
main parts. Part one deals with mechanical and thermal motion and includes 
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in it the fundamontal laws of mechanics, mechanical energy^^iomentum, rotation 
of a rigid body, vibrations, travelling and standing waves, accoustios, temperature 
and heat, thermtxlynamic processes and entropy, kinetic theory of gases and pro- 
cesses of transition to equilibrium. Part two deals with electromagnetic fields 
whicb includes electric and magnetic fields, electromagnetic fields, energy trans- 
formation in electromagnetic fields, electromagnetic radiation, phenomena of 
interfereiKic and .scattering, diffraction of X-rays by crystals, double refraction, 
theory of relativity and the quantum nature of a field. The third part deals with 
structure and properties of matter and includes in it motion of charged, particles, 
wave proj)erties of microparticles, atomic stnicture, molecules, atomic nulei, 
nuclear transformations, atomic structure of bodies, phase transformatins, defor- 
mation of bodies, dielectrics, magnetic substances and effect of electronic structure 
on properties of bodies. The book thus covers practically the whole of Physics 
and the different basic aspects of it have been developed in a fairly logical sequence. 
But attempt has nowhere been made to make the treatments of different subjects 
exhaustive obviously because it is not meant for students of Physics degree course. 
Exi)erimcntal physics and the historical development of different physical ideas 
have also not been considered in this book. The omission was intentional because 
firstly the author feels that in understanding of the modern techniques employed 
for an experiment in any branch of physics, knowledge of practically all the branches 
of physics is required and in consequence, ‘experimental physics can not be sub- 
divided’ but should be treated as a .separate subject; secondly since the book 
is not meant for those who want to be physicists inclusion of historical develop- 
ment was thought to be unnecessary. Inspite of the omissions the basic physical 
ideas of the different branches have been explained in sufficiently clear and con- 
cise language*. The book is undoubte<lly a useful text book for students for the 
engineering degree courses and a helpful book for subsidiary reading by the students 
of physics honours courses. 


A. K. D. 
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Original scientific papers on all branches of Physics and allied subjects such 
as Chemical Physics, Mathematical Physics, Applie<l Physics, Geophysics, Bio- 
physics, Ciystallography and Minerology etc.; are accepted for publication in 
Indian Journal of Physics provided those are not merely records of routine labo- 
ratory tests and contain original contributions to the knowledge of these Sciences. 
Normally, the author or at least one of the joint authors should be a member of 
the Indian Association for the Cultivation of Science or of the Indian Physical 
Society. Papers from authors other than members will be also accepted under 
special circumstances. Mss. for publication, in <luplicate should bo sent to the 
Assistant Secretary, Indian Journal of Physics, Indian Assocdation for the Culti- 
vation of Scioncso, Jadavpur, Calcutta-32. Mss. submitted should be tyijewritten 
with double space, on one side of good quality pai)er, with sufficient margin on 
the loft and at the top. Each paper should begin with an abstract just after 
the title of the pai»or and the name and full address of the author or authors. 
Referencies in the text should be given either by quoting the year of publication 
within parantheses, if the surname of the author occurs in the text, or by 
quoting the surname of the author followed by th() year within parantheses at 
the proper place. In case the reference lias more than one name, all names 
other than the first should be replaced by ef al in the text as shown. For example, 

“Thermal transformation was studied by Bernal et al (1959) and Das Gupta 

(I960)”. Or “Thermal decomposition ... studied by different workers (Cuthbert, 
1947 ; Weiden, 19.54)”. The full references should be given at the end of the paper, 
under head References, an-angod alphabetically by surname, followed by initials, 
year of publiciition, standard abbreviated name of journal wth single underline, 
volume with double underline, and the page e.g. : Perkins, H.D., 1960, Proc. Royal 
8oc. A203, 309. If more than one paper by the same authors occur in the same 
year, in the same journal or not, both in the text and in the References these 
should bo chronologically signified by adding a, b, c, etc., to the year. Names of 
same autlior or authors successively coming in References may be replaced by a 
long ‘dash’. Name of same journal coming in References successively may be also 
replaced by long dashes similarly. Positions for text figures and diagrams should 
be indicated in margin. Lino diagrams should be drawn on white Bristol board or 
tracing paper with black Indian Ink and interior of the diagrams should contain 
the minimum number of index letters (preferably of simple Gothic style) or nu- 
mericals (preferably Roman tsqjo). Where possible different graphs in the same 
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crosses, circles, squares etc. Full captions of all figures with serial numbers 
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THE EMISSION SPECTRUM OF THE CdBr MOLECULE 
(THE VISIBLE SYStEM) 

M. M. PATEL AKD S. P. VATMj 

Dbfabtmbnt or Physics, FACvvif op Science 

) 

M. S. Unitebsity op Bakoda, B|kRoDA, Inpia 
{Beeeived J-uly 8, 1965 ; Besubmittad^^May 10, 1966) 

ABSTRACT. The spectrum of CdBr wm reinvestigated in emission using a high fre- 
quency discharge from a 125 Watt osoillator working in the frequency range 10 to 15 M.c/sec. 
A system of bands degraded to red, designated as and oocuring in the region 

X\4900-3900 has been photographed with Hilger medium quartz and Eg glass spectrographs. 
In addition to the bands already observed by various investigators, a number of new bands 
have been recorded in the present investigation. The oxistanco of isotopice effect of Br'^a 
and Br^i is established for about ten bands. The vibrational analjrsis of the band system 
is given and the following vibrational quantum formula is derived. 

= 24822 . 6 -t- [ 105 . 4(»' -f- J) - 1 . 70(»' -t- J)*] - [229 . 9(«r» -f J) -0 . 47(e*’ -f i)»] 
INTRODUCTION 

The spectra of halides of zinc, cadmium and mercury have been investigated 
in various degrees of detail by different workers. [Wieland (1929, 1941), Oeser 
(1935), Ramasastry and Rao (1946), Ramasastry (1947), Ramasastry and Sree> 
ramurthy (1950)]. These molecules show systems of two general types. One 
type is a short wavelength range system on the longer wavelength side of Zn, 
Cd or Hg lines in the ultraviolet region. The other type is a group of crowded 
bands, degraded to rod, on a continuum with pronounced intensity maxima in 
the red region. In the short wavelength region of the visible spectrum, however, 
progression type of bands with a partial resolution into rotational lines are ob- 
served in a number of these molecules. 

Two previous investigations have been made on the spectrum of CdBr. 
Wieland (1929) obtained the vibrational spectrum of this molecule in a high- 
frequency discharge in the region 32d(>-3120A, consisting of violet degraded 
bands. Howell (1943) suggested that these bands form one of the compmients 
of the transition but could not succeed in observing the other one. Rama- 

sastry (1949) obtained some additional bands and attributed these to the missing 
component of the Wieland system. Wieland (1929) also mentioned the occur- 
ranee of the diffuse bands extending from 6400 to 3300A. Using a high-fre- 
quency source, later, Ramasastry (1949) obtained these visible bands extending 
from 4900-3850A. Measurmnents of about fifty bands were reported and a regu- 
larity of intemls was indicated which was of the order of about 110 om~^. 
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In continuation of our work on the spectrum of CdCl (1966), a reinvesti- 
gation of the bands of CdBr in this region was also undertaken and the results 
obtained are reported here. 

EXPERIMENTAL 

The spectrum of cadmium bromide was excited in a high frequency discharge 
from a 126 Watt oscillator working in the frequency range 10— ISMc/soo. A 
pure sample of the substance was kept in a small quartz boat at the centre of a 
straight tube of quartz of about 25 cm. in length and 1.6 cm. in diameter. The 
discharge was established by external electrodes and was maintained bright-white 
in colour by strong heating. Continuous evacuation of the discharge tube with 
a high vacuum pump was necessary. Photographs of the spectra in the visible 
region were taken with the Hilger medium quartz spectrograph and with Hilger 
glass spectrograph, the latter having a dispersion of about 16 A/mm. at 4300A. 
An exposure of about 20 to 30 minutes was found adequate to record the spectrum 
with Ilford process plates. Iron arc lines were used as standards for determining 
the wavelengths. The wavelengths of the band heads reported here are averages 
of several independent settings of different plates. 

RESULTS 

The spectrum of cadmium bromide bands is reproduced in figs. 1 and 2. The 
bands are degraded towards the red. The bands on the longer wavelength side 
have sharp edges getting diffuse and broad towards shorter wavelength. Some 
of the bands in the region 4800-4400 A show sharp double heads. In table I 
the wavelengths, wave numbers in vacuum and visually estimated values of in- 
tensities of the bands obtained in the present investigation are given. In the 
fifth column the wave numbers of the bands reported by Bamasastry (1949) 
arc given for comparison. The classification of bands is given in column 4. The 
calculated values along with observed isotopic shifts for about ten bands have 
been given in table II. 
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Fig I. CdBr bands taken with a E; glass spectrograph 
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Fig 2. CdBr bands taken with low dispersion spectrograph 
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factory maimer for all the observed bands. The agreement of %b, and v,ai 
is shown is Colnmn 6, table 1. 

^kead = 24822.6+[106.4(»'+i)-1.70(»^^i)*] 
-[229.9(v"'+i)-0.47(^+i)*]. 

When the bands are arranged in a Deslandres ^blo, the intensity distribution 
bears a close resemblance to that observed in the|corresponding systems of the 
halides of zinc and mercury. The Condon parablla for the system appears to 
be sufficiently wide which probably accounts for thjj^ poor intensities of the bands 
having lower o' and o' values. I 

As the two isotopes of bromine (Br’* and Br*^) oi^Bur in the ratio of 60.67 : 49.43 
one may expect the intensities of the correspondii|g isotopic bands to be nearly 
the same. In the region 4700 to 4400 A this isotope effect gives the bands a 
double headed appearance. The isotopic shift for the band (o', o') is given by 

V,, — Ve = Av = (p-l)[w', (o'+J)— w/ (o'+l)] 

-(p*-l)[<o'.x'e(o'+i)»-«>'e(o'+i)*] 

where refers to CdBr®^ and Ve to CdBr’*. The isotopic factors (p — 1) and 
(^ 2 — 1 ) come out to be —0.00723 and —0.01443 respectively. Using these values 
the isotopic shifts for about ten bands were calculated. The observed separations 
were then compared with the calculated values. The agreement is quite close 
and is shown in Table II. 

If the molecule cadmium bormide is formed from ca dmium and bromine atoms, 
both taken in their normal states, the possible electronic states are *1!+ and *n 

iS(Cd)+*P(Br)-* •2+ and «n(CdBr). 

As the lowest electronic states of a molecule are usually those Uiat dissociate into 
their normal atoms, these and *II states may be taken as the low levels of 
cadmium bromide molecule. These two states represented in the usual notation 
can be expressed as 

<r*a*n*<r, «S+ 

The inverted *n state will be one of the low lying states and may be nearer to 
state. A band system expected due to the transition <r* o’hr*<r, 

diould be of very low energy and may appear in the infra-red region, or the 
non-appearence of the above transition may be due to the fact that may be 
a repulsive state. 

The system B lying in the region 3900-4900 A counts of -red degraded.bands. 
■As most of the bands excepting those in the region 4400-470QA are single headed 
and that double headed bands are due to isotope effect the transition .may. 
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TABLE I 



Band heads of CdBr in 

the region 4900 to 3900A 


Intensity 

Wavelength 

Observed 

Wave Niunber v\ v'' 

in vacuum 

Value observed 
by Ramasastry 

“"Veal 
in cm-i 

2 

4908.53 

20367 

0, 20 

— 

-1 

1 

4884.55 

20467 

1,20 

— 

-3 

1 

4867.19 

20540 

4, 21 

— 

-5 

1 

4861,28 

20565 

2, 20 


-3 

2 

4834.24 

20680 

1, 19 

20691 

0 

2 

4808.43 

20791 

0. 18 

20793 

+1 

3 

4785.66 

20890 

1, 18 

20906 

-2 

1 

4768.62 

20966 

4» 19 

— 

-1 

2 

4762.62 

20990 

2. 18 

— 

-1 

3 

4769.67 

21004 

0, 17 

21014 

+1 

3 

4734.08 

21118 


21120 

— 

1 

4729.05 

21140 

6, 10 



4-4 

2 

4720.79 

21177 

4, 18 

— 

-1 

3 

4714.78 

21204 

2, 17(79) 

21216 

+1 

2 

4700.03 

21230 

2, 17(81) 

— 



1 

4700.81 

21267 

8, 18 

— 

+1 

2 

4603.76 

21200 

3, 17(79) 

— 

+1 

2 

4688.02 

21326 

3, 17(81) 

21319 



4 

4668.10 

21416 

2. 16(79) 

— 

-1 

3 

4662.88 

21440 

2. 16(81) 

21444 


3 

4647.70 

21610 

3, 16 

— 

-•2 

4 

4642.74 

21633 

1, 16(79) 

21531 

0 

4 

4638.04 

21666 

1. 16(81) 

21555 


4 

4631.77 

21684 

0. 18 




5 

4622.13 

21620 

2, 16 



-2 

4 

4618.72 

21646 

0, 14(70) 

21644 


4 

4614.03 

21667 

0, 14(81) 

21668 


4 

4608.02 

21691 

6, 16 


-1 

5 

4601.71 

21725 

3, 10 


-1 

5 

4697.26 

21746 

1. 14(79) 

_ 

-2 
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TABLE I (contd.) 

Intensity 

Wavelength 

Observed 
Wave Number 
in vacuum 


Value observed 
by Hamasastry 

r««i 
in cm~* 

4 

4592.62 

21768 

1. 14(8|) 

21758 

— 

3 

4586.93 

21796 

9. 17 ^ 

— 

--3 

6 

4576.63 

21844 

2,14 

— 

-3 

6 

4573.29 

21860 

0, 13(7i|) 

— 

~2 

5 

4568.92 

21881 

0. 13(8^ 

21874 

— 

3 

4563.89 

21905 

5, 15 

— 

~2 

6 

4566.40 

21941 

3, 14 

— 

-1 

7 

4551.43 

21965 

1, 13(79) 

— 

+ 1 

6 

4547.49 

21984 

1, 13(81) 

21979 

— 

4 

4542.12 

22010 

9. 16 

— 

-2 

7 

4531.83 

22060 

2, 13 

— 

-3 

8 

4528.13 

22078 

0, 12(79) 

— 

-2 

7 

4524.44 

22096 

0, 12(81) 

22090 

— 

4 

4619.32 

22121 

5, 14 

— 

-1 

8 

4512.19 

22156 

3, 13 

— 

-2 

9 

4607,30 

22180 ’ 

1. 12(79) 

— 

-2 

9 

4503.85 

22197 

1. 12(81) 

22194 

— 

3 

4501.83 

22207 

6, 14 

— 

0 

4 

4495.95 

22236 

— 

— 

— 

9 

4487.68 

22277 

2, 12 

— 

-3 

9 

4484.06 

22295 

0, 11(79) 

22295 

-3 

9 

4480.84 

22311 

0, 11(81) 

— 

— • 

9 

4468.42 

22373 

3, 12 

— 

-2 

9 

4463.04 

22400 

Ml 

22407 

0 

4 

4459.06 

22420 

6, 13 

— 

--3 

9 

4444.19 

22495 

2,11 

— 

-3 

10 

4440.63 

22513 

0, 10(79) 

22522 

-4 

9 

443t.68 

22528 

0,10(81) 

— 

— 

3 

4432.95 

22552 

5, 12 

— 

-4 


44i0.41 


1 , 10 



10 


22616 
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TABLE I {corad.) 


Obsorvod Value observed ^obt'—Poai 

Intohsity Wavelength Wave Number v\ v"' by Bamasastiy in om-^ 


in vacuum 


8 

4410.30 

22637 

9 

4400.95 

22716 

8 

4397.27 

22736 

9 

4377.03 

22837 

7 

4374.38 

22854 

8 

4359.50 

22932 

7 

4354.94 

22956 

8 

4340.57 

23032 

8 

4335.68 

23068 

4 

4332.85 

23073 

8 

4317.51 

23155 

7 

4313.42 

23177 

7 

4294.61 

23279 

7 

4276.33 

23378 

3 

4272.30 

23400 

0 

4263,58 

23503 

6 

4235.99 

23601 

7 

4218.76 

2.3697 

3 

4213.60 

23720 

5 

4197.32 

23818 

4 

4196.27 

23824 

5 

4179.08 

23922 

4 

4176.76 

23941 

4 

4163.24 

24013 

3 

4158.40 

24041 

3 

4140.31 

24146 

2 

4120.68 

24261 

8 

4105.96 

24348 

+ 3 

4086.66 

24463 


6, 12 

— 

-4 

2, 10 

— 

--2 

0, 9 

22731 

-2 

1 , 9 

22844 


6» 11 

— 


2, 9 

— 

-3 

0, 8 

22954 

-2 

3, 9 

— 

-1 

1,8 

23067 

-2 

6. 10 


-5 

2, 8 

— 

-4 

0, 7 

23168 
23213 
(Chlorine 
atomic dine) 

-3 

1,7 

23278 

-3 

2, 7 

— 

•--3 

0,6 

23390 

--3 

1,6 

23496 

--2 

2, 6 

23609 

-►3 

3,6 



1,6 

23723 


7,7 

— 

-6 

2,6 

23826 

-3 

3, 5 


0 


23942 


4.5 

— 

-1 

7,6 

24039 

--6 

3,4 

24149 

-1 

10,6 

,24267 

-9 

8,6 

,24364 

0 

4,3 

,24469 
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TABLE I (contd.) 


Intensity 

Wavelength 

Observed 

Wave Number 
in vacuum 


Value observed 
by Ramasastry 

^obs ^tal 

in cm~^ 

+2 

4068.63 

24672 

8.4 

24580 

0 

+2 

4049.08 

24690 

4,2’; 

24694 

^2 

+2 

4031.77 

24796 

8,3 

24803 

-2 

2 

4012.62 

24915 

A 1 

] 

24908 

-4 

+2 

3997.75 

26007 

6, 1 : 

26010 

-1 

+2 

3978.82 

25126 

13,3 

25129 

- 

+ 1 

3961.48 

26230 

5,0 

26230 

0 

-f 1 

3943.20 

26362 

13,2 

25340 

— 

+ 1 

3927.08 

26467 

11,1 

25448 

— 

+0 

3917.10 

25522 

12,1 

— 

— 


+ Measurements made on the plate taken with a medium quartz Spertrogmph. 


TABLE II 


Assignment 
v\ e"' 

Observed 
shift in cm-^ 

Cal<nilated 
shift in cm“^ 

0,10 

15 

16 

0,11 

16 

17 

0, 12 

18 

19 

0, 13 

21 

20 

0. 14 

22 

22 

h 12. 

17 

18 

1, 13 

19 

19 

1. 14 

22 

21 

1, 16 

22 

23 

2, 16 

24 

24 

2, 17 

26 

25 

3, 17 

26 

25 


Fig. 1. CdBr bands taken with a Ej glass spectrograph. 
Fig. 2. OdBr bands taken with low dispersion speotrograph. 
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in all probability be The electron configuration oVjtV* gives rise to 

®2)+ state winch will also be one of low energy. The upper state of the visible 
bands may hence be identified with this state. The change of an electron from an 
inner o’ to an outer cr orbit is consistent with the expected decrease in the vibra- 
tional frequency of the red degraded band system. This *S+ and the other excited 
states of the molecule will be those which could be derived from cadmium and 
bromine atoms, with one, or the other, or both of them, in their excited atomic 
states. If the cadmium atom is taken in the first excited state and the bromine 
atom is taken in the normal state it gives rise to S+(2), S', 11(2) and A doublet and 
quartet states. The doublet levels alone should be considered here. Selection 
rules do not permit the levels and *A to combine with the ground state. A 
transition in this region is therefore expected. 

A group of bands in the region 5000 to 6400 A have also been recorded in the 
present investigation. They are degraded to red but are diffuse in appearance. 
Attempts are being made to analyse them. 
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ABSTRACT. Tho total orosH sections of olastic; soattoring of electrons by hydrogen 
atom at the incident energies of 13.6 ev, 54.4 ov, 122.4 ov. 217.6 ev have l)een calculated in 
the liorn-Opponheiinor (B.O.) approximation with the neglect of the cur© interaction term 
and taking into account tho distortion of tho piano incident wave in tho field of tlio torget 
atom. 

INTRODUCTION 

Tho cross sections of elastic scattering of electrons by atoms are easily cal- 
culated with tho Bom approximation which, however, is valid only at high incident 
energies; if wo include exchange effect in the above, we get the Bora Oppenheimer 
formula which loads generally to poor results at low energies for exchange scattering 
amplitudes. As the derivation of the B.O. formula is not logically perfect, a 
number of modifications of the B.O. approximation have been proposed (Peen- 
berg 1932, Mittleman 1962, Bell and Moiseiwitsch 1963, Ochkur 1964). Ochkur 
suggests that as the first order Born approximation has been derived according 
to the first order perturbation theory, tho first order B.O. formula for exchange 
scattering amplitude should not contain terms which are not within the frame 
work of the first order approximation. So he retains only the first term in the 
expansion of the B.O. formula in the powers of = wave number of the 

incident electron). As a result tho effect of the core potential term is neglected. 
Kang and Sucher (1966) have justified this omission by proving that in the ex- 
change amplitude for electron-atom collision, the core interaction term vanishes 
identically when the core (proton) is infinitely heavy. 

Again in the first Born and B.O. formulae the wave function for tho colliding 
electron is approximated by the incident plane wave on the supposition that the 
incident energy is high. At low energies, the distortion of the plane waves should 
be considered. This is generally done by having recourse to higher order approxi- 
mations. In his investigation of the elastic scattering of electrons by helium 
and hydrogen atoms, Saohl (1968) has given a formulation for taking into account 

^Department of Meehemstios, M. B. B. OoUego Agajrtala. 
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the distortion of the s-wavo part of the incident wave. The present paper is an 
extension of Sachl’s work in that hero wo consider the distortion of higher waves. 
However Sachl’s distorted wave is singular at the origin, while our function is 
free from this singularity. Wc have omitted the core interaction term from the 
B.O. formula as suggested by Kang and Sucher (1966). With the neglect of this 
term, the clastic cross section for collision becomes very large compared to the 
theoretical results obtained by the close coupling method of Burke, Sohey and 
Smith (1963) and by the 6rst order exchange approximation of Bell and Moiseiwitsch 
(1963). The inclusion of the effect of distortion of the incident waves considerably 
improves the result except at = 1 where the validity of the Born or B.O. ap- 
proximation is questionable and whore distortion and polarization of the atom 
play an important role. 

BIRKCT AND EXCHANGE SCATTERING AMPLITUDES 

The wave equation for the scattering of an electron by a H atom (in atomic 
units) is 


(-iV-iV-1- I +L-E ) r,) = 0 ... (1) 

where ^(ri, rg) a,nd E are respectively the wave function and the total energy 
of the system. The boundary conditions on ^{ri, rg) arc 

^iri, Ti)) ~ exp ikori^o{r 2 )+ ^ (i>Mr 2 ) as oo ... (2) 

asr*-»oo ... (3) 

Here ^„{r) is the wave function of the »-th state of the H atom with eigen energy 
•®«> feo and Itfi are the momenta of the incident and scattered electrons. 

It is usual to expand the wave function f(r^, r^) in the form 

^^^(rl, ra) = (S+;)^^'„(ra)/’„(ri) ... (4) 

where S is the summation over discrete states and J denotes integration over 

functions of continuous spectrum. The function FJx) in (4) satisfies the integral 
equation 







Xv5^{i'i.ra)i^n*(ri)dVidV, 


... (S) 
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Then comparing the asymptotic form of ^(ri, r^) m the equation (4) with the 
right hand side of the equation (2) one easily obtains for the direct scattering ampli- 


tude for elastic scattering 

J c-**-*-. (^1^- i ) ... (6) 

where k is the momentum of the scattered eleotroli. 

In an analogous manner, we derive the formula Ibr exchange amplitude g^{d, 
for elastic scattering in the form 

f e-ifc.r, ... (7) 

Therefore the total elastic scattering cross section for 6~// collision is 

o- = 27r J {1 |/„+?oP+i |/o- 17 ol *) sin Odd ... ( 8 ) 

0 

In the usual Born approximation one substitutes 

F^{r)^eiko.T ... (9) 

and F^(r) = 0, n 9^= 0 ... (10) 


This approximation called the zero order approximation is justified when A;q>>1 

The second term on the right hand side of (5) when w = 0 measures the distor- 
tion of the incident plane wave in the presence of the atom. One gets series 
expansions for <J>) and g^{d, by iteration using (6). The convergence of these 
series is very poor at low energies. Moreover the higher order terms of /o and g^ 
cannot be evaluated without great computational efforts. 

We shall, however, take for F^{r) an approximate solution of the following 
equation derived from the equations (1), (4) and (10). 

(V-f V)J’o(ri) = 2F,o(»'i)J^o(ri) ... (H) 

where Foo{ri) = f / A— L ) 

J \ ri / 

= ) ... ( 12 ) 

DERIVATION OF AN APPROXIMATE 
EXPRESSION FOR Fo(**) 

Let US expand Ffx) '• 

i’„(r)-lf-Vi(f)P,(oo8^) 
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where Pj(co8 0) is the Legendre polynomial of the order 1. Then /,(ri) satisfies 
the equation 

l?+[ /.(-■.) = 0 

and M^i) sin ^ fcor— 

the scattering phaseshift rfi of the Z-th order partial wave being assumed to be 
known from the formula (Mott and Massey 1966, p. 464) 

Vi — I ... (13) 

where Ji^iih^r) is an ordinary Bessel function. The equation (11) is the scattering 
wave equation in the static field approximation. Then an approximate solution 
of the equation (11) has the asymptotic form 

where f{0) is the corresponding scattering amplitude defined by 

f{d) = {2ik^)-^ £ (2Z+l)(e2t>),~-l)P, (cos 0) ... (16) 

Uo 

Using the expansion 

eiko.T = s (2Z+1 )i^j,(V) Pi (cos 0) 

and identifying the equation (14) with the asymptotic solution of the equation 
(11) in terms of the spherical Bessel and Neumann functions, jj(A:Qr) and ni{kQr)^ 
one easily proves that 

•^o(»*) SJ2Z-f sin Vi[ji{K'^)+ini{kQr)] ... (16) 

In order that we may use the expression (16) for the complete wave function Fq{t) 
valid for all r, we remove the singularity at r = 0 by multiplying the Neumann 
function n/ by the correction factor (1— where a is a quantity dependent 
on I and k^. We however have taken a = 1. This value of a should however 
be obtained variationally using 

J’o(r) = efho. T + S^(2Z+l)fW(j 2%+i sin^O 


X [jK V)+i(l V)3 


... (17) 
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as the trial wave function of the equation (16) with % given by the equation (13). 
Since we use the approximate values of the phase shifts given by the equation 
(13), we obtain an approximation for F^(r) which takes some account of the distor- 
tion of the plane waves. We now calculate fj^d, and go(d, ^) from the integral 
equation (6) and (7) using the above value of 

CALCULATION OF SCATTERING AMPLITUDES 
4.1. Direct scattering amplitude 

Substituting the approximate wave function F^r) given by (17) in (6) wo ob- 
tain 


where /o‘*» = — ^ / eiqriVgo{ri)d^ri with q = ko—k, ... (18) 

/o<2> = —A S (1 sin 2 ^ 1 -f* sin %)i *+» 
tn {-0 

X / e~ik, ti, VJr^) 3 i{k^i)Pi{ cos di)dhi ... (19) 

and = —A S (| sin 2^j-f i sin®i 7 i)i^+® 

Z7t ImJO 

X 1 e-ik . nFoo(ri)(l-e-ri)*'+i»,(ifcori)F, (cos ^i)dVi ... (20) 
Utilizing the identities (Magnus and Oberhettinger 1964, p. 77) : 

271 

J sin sin 01 cos = 27r ^i) • • • (21) 

0 


J e^hri cos <p cos , jQ(kQr^ Bin ^ flin ^ 2 )Pi(co 8 6 ^) ein 6 ^ dd^ 

0 

= ( |jjVp,(cos^i)J,^j(V) - (22) 

and the equation (13), 
we obtain 


<s) 1 <0 

/ s ( 21 +l)(Bin* 9 i-»J Bin 2 i 7 ,) 7 ,P,(oos d) ... ( 23 ) 

0 1-0 


181 

In order to obtain the expansion of / we use the relations (21) and (22) and 
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(Magnus and Oberhettinger 1964, p. 37) 


1 008(2?+! )^ 


( 24 ) 


EXCHANGE SCATTERING AMPLITUDES 

Kang and Suchcr (1966) have shown that in the exchange amplitude for 
ole<‘tron-atom collision, the core potential term vanishes identically when the proton 
is heavy. Accordingly we have omitted this term from the B.O. formula (7). 

On substitution of the approximate wave function i'’o(r) defined in (17) in 
the B.O. formula thus modified, we get 

= - (26) 
where ~ f f — *•» (v^o*(»'i)ii!'o(»‘a)‘^®»‘i'^*>'8- ••• (26) 

ZTT J J /‘j2 

90*** = — ^ .S i'+H2^+l)(i sin 2%+» sm%)x 

Z7T ImmO 

X f f ^ e -ift ■ Picon Oi)d^i dV* . . . (27) 

J ^12 

and i Si * '*(2?+ l)(i sin 2i}i-\-i sin® J/j) 


X f f A c-ifc. v,^o*(i'i)(l-e-*-0*'+^Wj(Vi) Wra) P* (cos ^,)d®ri 
J ' M2 

XdVa ... (28) 

go*^* is the contribution to go(6^, <j)) from the unperturbed incident wave function 
e«lto.v and is given in the following closed analytical form (Corinaldesi and Trainor 
1952, Kang 1966) ; 

= -!»!+£) ? .. 16 

?*(1+V)* (?*+4)* (l+V)*(?*+4) 

-I- _ 32 

(i+V)V (T+VK^H)* "■ 


where 

Using the expansion 


9 = 21;o sin dji. 


'It 


S 2 (»— |m ) 1 


^»(>'i. »■*) 1 I (cos 0j) Pj « I (ooa 0f) COB «i(^j~^a) 
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where or according as < fj or fj > fg, 

and integrating over the angular coordinates with the help of the relations (21) 
and (22) we easily show that 

gro<*> = 8 S (sin*!?, —i i sin 2^,) P, (cos 0) j/(Vi) 

i-o o< 

X [ J Siifi, f2)»'2®C-'a jj(Vi)«*»’2 ] • • • (30) 

t 

and fifo**’ = 8 S ( J sin 2‘^i+i sin® ^j)P; (cos 0). f (1— c"’'i )' 

1*0 0 

X »j( Vi) [ f (31) 

To obtain analytical expressions for and we substitute the values of j| 
and ui and integrate (30) and (31) over and fj. 

RESULTS AND DISCUSSION 

The calculations of the integrals involving ji and rt| in and ^^/^^are 

straightforward but become tedious as the value of I increases. Fortunately 

the contribution to the direct and exchange scattering amplitudes /o(<9, ^) and 
(7o(^> from these integrals for i > 2 are negligibly small when > 2. So in 

our work wo have considered the a — , p— and d— wave distortions of the incident 

wave. When the core interaction term is omitted from the B.O. formula, the 
total cross section becomes very large compared to those obtained by Wu (1960) 
with the usual B.O. formula. However when we use the distorted wave function 
Fo(r) in the modified B.O. formula, the values of the scattering cross sections drop 
considerably. As there are no experimental data on the elastic scattering of electrons 
by H atoms at high energies in the table below we compare our results with some 

TABLE 

Total cross-sections of e-H elastic collisions 
(in units of ) 


luoidont energy 
wave numtars 
*0 (in rto"*) 

B.O. approxi- 
mation 
(Wu (1960)1 

Close coupling 
approx. 

[Burke et ah 
(1963)1 

First Order 
approx. 

[Bell and 
Moisei witsoh 
(1963)1 

Present 

Without 

distortion 

Calculation 

with distortion 

1 

2.106 

4.748 

2.710 

14.78 

12.46 

2 

.680 

.795 

.797 

.99 

.81 

3 

.290 


.300 

.40 

.36 


4 


.107 


.158 


.29 


.27 
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recent theoretical findings of others. At = 2 there is some agreement between 
our result with the distortion of the plane incident wave taken into account and 
that of Burke et al. (1963) or of Bell and Moiseiwitsch (1963). The cross sections 
at other energies deviate substantially from those of Wu (1960) or Bell and Mois- 
eiwitsch (1963), mainly due to our neglect of core interaction term. The very 
largo cross section at = 1 may be due to the failure of our approximation method 
at this energy. Moreover at such a low energy the polarization potential due to 
the distortion of the atom plays an important role. With Ochkur’s modification 
which retains only the leading term in the expansion of the formula for the ex- 
change scattering amplitude in powers of and virtually neglects the effect of 
the core potential terms in the formula, Jha et al. (1967) have obtained total cross 
section for c-H elastic collision at fco = 1 close agreement with that of Burke 
et al. (1963). This suggests further examination of the derivation of the B.O. 
formula. 
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ABSTRACT. Cherenkov effect in a medium with a friable dielectric constant alters 
the amplitude of each component of the field variable and tke output of radiation compared 
bo the usual Cherenkov radiation as obtained by Frank and Tamn (1937). Even if asympto- 
tically the specific inductive capacity becomes a constant, the radiation still then remains 
flifferent. Semi-vertical angle of the cone of radiation flactuates with the change of dielectric 
(; oust ant. 


INTRODUCTION 

Generally we consider the dielectric constant as a scalar constant for isotropic 
aubstance or a tensor for anisotropic medium. Besides these two there are subs- 
tances where the dielectric constants are scalar variables. So it is important to 
observe the behaviour of the field variables and Cherenkov radiation for a high 
energy particle through this type of medium. 

From Maxwell’s equations of field variables with Fourier transformation 

rot *— E->r—i 
c 

rot 

c 

div (eE) = 47rp 
div 11 = 0, 

where a is the frequency and e is the dielectric constant. 

Eliminating H, 

ic/(a rot rot .B == E+*-J ... (2) 

c c 

Let the electron move along the z axis with the velocity v and in cylindrical co* 
Oidinates (p, z), E is independent of ^ and E^ = 0. 
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\ ^ ( p ^5* ) } = “- e.E,- ^ e d{p). 

p npX ^ \ dz dp I i nc^p 


E,, =-fi(p)e ‘ , El =Mp) e 


«Sf 

t> dp 

4.1 1 ‘ 2 £ 

dp^ p dp ' “ €(efP—\) dp dp nta p 


... 


... (4) 


where f (e/f^-l), = !-. 

C-' 

If we pui/ 2 (/?) = u(p)H^^^\sp) in (4) and also we consider asu ~ ^ 

where Uq and are absolute constants, Ui and 6^ are functions of p only but they 
are small. In this case neglecting second order small quantities we get 

^ -2.9 -1 -I i o 

dp^ '\p H(, ) dp I* Hg dp^ 

X:, %)-<> - <*' 

Here Hi = Hi^^^sp), IIq ~ Hq^^^sp) (Hankers functions) 

From (5) = J { j PXMpWyp+C^ ( +C^ ... (6) 

whore Gi and C,^ arc constants and 


yip) == 1 o 4 ./ “X „ 1 1 Jfl _^0 El \ d€j 

2 C^Sg Hg dp^ \ C® 2 C*«o Hg BgSgV^ II g I dp ’ 




There is a singularity at p = 0 in (4). 
From (4) we have 


1 ™ 0 % = 

dp LrretdJ^_o 


j (««+«i)+/> (l--6772i-!| log I'l 

w a/> J JTWeoV “ »* Sn/ 
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where Uq is the value of Cy at p = 0. 


Here 


u - — ^0 


26)en 


If Uy is constant then 

From (7), ■ 

[ - 1- ( f { J 1 

/ 

i 1— •6772*— ?:?. log J?l_\ 

\ n 2 JX Xiip) Xi(pV 


+ 1 


... ( 8 ) 
... (9) 


- — lofitol i PXiip)X(p)dp , 1 ^ 

^X XiiP) XiiP^i wV 

Again at a large distance Uy and must be bounded for physical solution. 


( 10 ) 

Thus 


J H dw) 

= a bounded quantity, (11) 

From (10) and (11) Cy and can bo found out. 

The components of the field variables are 



— — 

1 ^ 
dp 

- 






' 

(■Mo+« 

i)H, 

ioi 

?v 

TT 

t 0>®Wo 

2 c^r.So^ 

ejr. 





2 

/9ffl 

C*USo® ^ ^ 

\ e*“( 
dp ) 

t-^) 

E,(oi) 


i)Ho 

V / 




■■ 

0) ' 

' <0* 

1 »*«* 


\ 

* 5/9 





_ /ico Uq 
\ c do 

eoHi+^ 

0 

Stuff - 4- 

#0 ’ 2 c\^ 

eo«o«iHiH 

*WMo ff 

<»(i 


- Ho 

C«0* 

dp 

+ I 
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For (d > 0, ReEp = 2 J BeEp(i^)dtx^ 

ReEg = 2 J ReEg{o^)do> ► 
Rell^ == 2 / JJe£fp(to)dco 


( 18 ) 


(i) The results of (12) reveal that the components of electromagnetic inten- 
sities are different from usual forms of them. The expressions of them are rather 
unwieldy, but we can compute them numerically upto a certain order. 

(ii) At large distance 



2w€, 


+ 


I h+(a+ib)]yj^ 


2_ 

ttsqP 


iiiiX 

e 




2c 


3 eo>2 
8 


k -4- k - 

2ceo ^ 


k — 


c^, 

C5, 


^ (a+i6) 


where 


to 
C Sq* 




2_ 


t(i)X 

6 


lim 

p-> oc 


€j = lim 

p— > oo 



— ^ 2 > hm 1^2 = tt-f-th, 
p— > cc 


? is 


(iii) 


lim 

p-» OC 


= ai+i6i, A = f— - — !L 

6) 46) 


Cherenkov radiation W through the surface of a cylinder of length 


W 


= 2npl f [EH]dt 


or 


^ _ _cp 

dl ' 


I f • HeHA 


^^max 

~ I f T ( — 4“) w+®**®*ifc 


~h **-4e(«-6)+ (th+6i)] rfco 

If is constant then (say), ^ q. 
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In this case 


dw 

~dl 


(iv) If 6 is the semi-vertical angle of the coae of radiation then 


008 0= — L [l- 

Veo)^ ' 2e, 




c • 

If now V < , 0 may still have a real value which means that radiation can 

v®o 

exist even then. As e, is a variable quantity, i.e. ft function of distance, the semi- 
vertical angle of the above cone also varies with distance. 
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ABSTRACT. Tlio daray of tho lovnls of PmH? has been studind usirtg scni- 

and (! nncM^onco toctlmifjues. To confirm llio oxistonoc of tho second 91 keV gnrnma 
ray originating from the level at 182 keV, the detection etfioieney of the Na I(T1) crystal for 
the 91 keV gamma ray was measured in the 91 keV-91 koV^ coincidences in the fixed geometry. 
Hy c )tnparing tho oxp(ui mental value of tho dotootmn officioncj’^ with llie standard value, 
it was haind that^ the poroontage of tho second 91 koV gamma ray is about (104 2)%. The 
K-c inversion c.oohicjout of tho 91 koV gamma ray, wliich is in coincidence with tho 599 koV 
gamma ray has been measured to be 1.6i.(>.2. Tht^ K-(ionversioii coc^fficiont of the 91 keV 
gamma ray originating from tho 182 koV level is ostimat(‘d to 0.9240.53. 

1 N T K () D r (‘ T T 0 N 

The decay of to the levels of has been studied by Hans (1956), 
Cork (1958), Gunye (1961), Bernye (1958), Mitchcl (1968), Wendt (1960, Bodenstodt 
(1960) and Shastry (1964). A tentative decay scheme has boon proposed by Hans 
(1965) and Gunye (1961). Then' are still some discrepancies regarding the second 
91 keV gamma ray in the decay scheme of Nd^^. Wendt (1960) proposed a level 
at 182 keV on the basis of their measured log ft values and beta intensity ratios. 
The beta group feeding this level was about 10.4%. According to their level 
scheme, this level decays by the emission of two 91 keV gamma rays in cascade. 
Gunye (1961 ) put an upper limit of 1 % to the population of this level by tho beta 
decay of Nd*^’ on the basis of their gamma— gamma coincidence and absorption 
experiments. We have measured the efficiency of Nal(Tl) crystal for the 91 keV 
gamma ray in the 91 keV-91 keV coincidences so as to see the existence of tho 
second 91 koV gamma ray which comes from the level at 182 keV. By comparing 
the experimental value of tho detection efficiency with tho value given in the litera- 
ture for the standard geometry we find that there are two 91 keV gamma rays 

m cascade and the percentage of the beta group feeding the level at 182 keVis 

(10±2)%. 


E X V K R I M R N A T L T K 0 H N I Q U E S 

^0 Isotope Nd^^’ was obtained from Isotope Division, Atomic Enei^ 
sta lishment Trombay, Bombay. The sources were prepared in perspex cells 
t ick enough to absorb all betas. The internal diameter of the cylindrical 
cell was 1 mm. For studying the gama-gamma coincidences two cylindrical 
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Nal(Tl) crystals of 4.4 cm dia and 6.1 cm height were coupled with 6292 Dumont 
Photomultiplier tubes. A conventional slow-fast coincidence circuit of resolving 
time 2r = 0.16/^sec was used to study the coincidences. A single channel analyzer 
was used to select the gating pulses and the coincidence pulses were analysed with 
an Eldorado PA4()0 typo twenty channel analyser; The source was placed at the 
intersection of the axes of the two crystals which are at 90° to each other. 

TNT K N S I T V M K A 8 U ft K M ENTS 

The gamma ray spectrum of Nd^^^ was studied with a scintillation spectrometer 
and is shown in fig. 1 The most intense peaks pro due to the K X-ray at 
38 keV and a peak at 91 keV. All the gamma rays reported by Gunye et al, 
(1961) can be seen in the singles spectrum. By the stripping analysis of th(i singles 
spectrum an estimate of the intensities of the unconverted gamma rays has been 
made after applying proper corrections. The intensities thus obtained are 
given in table I. 



Fig. 1. Tlio NcU'IT gamma spectrum taken with a NaT{Tl) scintillator coupled with a 6292 
photomultiplier tube. 

G A M M A G IM M A V O T N 0 I D K N 0 F 8 

The coincidence studies of the various gamma rays were carried out with 
two scintillation spectrometers. The resolution of the spectrometers was about 
9% for the 662 keV gamma rays. The coincidences were observed by placing the 
two crystals at right angle to each other at a distance of 6 cm from the source. 

Fig. 2 shows the results obtained by gating the 91 keV gamma rays. It 
is clear from coincidence spectrum that there is another 91 keV gamma ray in 
coincidence with the 91 keV gamma ray. Gunye ct al (1961) have suggested that 
the peak at 91 keV in the coincidence spectrum is due to the triggering of the 
Compton of the high energy gamma rays sitting under the photopeak of the 
91 keV gamma ray in coincidence. Since their absorption coefficient did not 
correspond to the 91 keV gamma ray, they therefore concluded that there is 
only one gamma ray and put an upper limit of 1 % to the upper 91 keV gamma 
ray if it exists. To lock for the second 91 keV gamma ray we measured the 



178 


M. 8. Rajput and M. L. Sehgal 

total dotaotion efflciency of the NsIfTl) crjmtal for the 91 koV gemm. t.y to 
tho 91 kcV-91 keV coincidences. 



Kig 2. Low-oiiergy side gamma ray spectrum in coincidence witJi tho 91 keV gamma ray. 

It was pointed out by Wendt (1960) that the level at 182 keV is fed only 
through the beta decay of Ndi«. Let x and y be the fractions of the beta 
transition feeding the levels at 182 keV and 91 keV respectively as shown in 
fig. 3. Tho number of 91 keV gamma rays in the triggering gate channel is : 


Fig. n. 



s 


V 


l.ower excited states of Pm**'', populated by the beta decay of 




+ 


x+y I 

1+arJ 


... ( 1 ) 


where fi is the fraction of the total 91 keV gamma rays in the gate channel, o)i 
is the solid angle subtended by the source at the crystal, Cj is the intarmsio detection 
efficiency of the Nal(Tl) crystal and ax, and are the total conversion coefficients 
of the upper and lower 91 keV gamma rays respectively. Similarly the coin- 
cidence counting rate between the two 91 keV gamma rays is : 


Ny.y^-n = 2WoxA 




( 2 ) 


here egU] is the total detection efficiency of the second crystal in the dispaly 
channel for the 91 keV gamma rays. If the upper 91 keV gamma ray is chazmeUed 
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TABLE I 


Unconverted gammA-ray intensities 
(ramma ray per thousand disintegrations 


Energy (keV) 


Present work 

Gi^nye ot al (1961) 


91 (a-fh) 

310 

275 


120 


10 

8 


199 


8 



277 


13 

14 


210 


4 

6 


322 


28 

32 


400 


12 

16 


413 


10 

7 


442 


18 

20 


491 


3 

3 


533 


115 

126 


699 


8 

6 


080 


9 

10 

TABLE II 

S.N. 



Xs oi-H 

Total detection efficiency 
(»a«a ) 


X 


Experimental Theoretical 

1 


4 

0.173 

0.0824 

2 


6 

0.123 

0.064 

3 


8 

0.099 

0.050 

4 


10 

0.082 

0.043 0.042 

5 


12 

0.071 

0.038 

6 


14 

0.065 

0.034 

7 


15 

0.063 

0.032 


the lower gamma ray is displayed and vice versa. So the coincidence counting 
late is doubled. Dividing eq. 2 by eq. 1 we get : 

2xe,at ... ( 3 ) 


4 
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In the above equation are the true counts of the gate channel of the coin- 
cidence circuit. In the observed counts, a part of them are duo to the Compton 
of tho high energy gamma rays sitting under the photopeak at 91 keV, that is; 

N^\i. = ... (4) 

where corresponds to tho counts duo to the compton of the high energy 
gamma rays and to the counts due to the 91 keV gamma ray. Similarly 

wo have, 

+ ... (5) 

where corresponds to the coincidence counts between the 91 keV gamma 

ray and tho Compton duo to the high energy gamma rays which are in coincidence 
with 91 koV gamma ray and to tho true 91 keV — 91 keV coincidences. 

From the analysis of the singles spectrum it is possible to find tho value of 
which is given by the following expression : 

g\ 0/06 

... ( 6 ) 

where a is tho fraction of gamma rays having energy higher than 91 keV and 
arow the average value of their total conversion coefficient. It is interesting to 
note that aTav« which appears in cq. 6 cancels out in the final equation 9. Tho 
quantity /g is the fraction of these high energy gamma rays which are lying under 
the photopeak at 91 keV and is the average value of tho total detection 

efficiency for these high energy gamma rays; it is also satisfying to note that 
this quantity also does not appear, in the final expression. Similarly is 

given by the following equation : 






^2^2 
1 + “T2 


... (7) 


Hore/g is the fraction of the total high energy gamma rays which are in coincidence 
with tho 91 keV gamma ray. Hence 






1+a-ca®, '1+ava 




'( 0 , 


l+araw 


=r ^8^8 / 

l+ar2 * 

From eqs. 3 and 8 we get 

ar,)1 

Ny,yn-Bi (i+^a) . . 2* 


... ( 8 ) 

... (») 

<10) 
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By the analysis of the singles spectrum, the value of 5^, can be calculated. 

Jy y 

The value of /j was calculated from the decay scheme of Nd^”. In the present 

case it came out to be 0.38. The values of were calculated by taking 

y equal to 66% and varying x from 4% to 16% asijBhown in Table II. Elnowing 
this ratio the values of and werej; calculated from eq. 5 as a 

function of x. Using eq. 3, the value of total dotqbtion efficiency CjOj was cal* 
culated as shown in Table II. In calculating the values of conversion 
coefficients at, and ar^ were calculated from the tables of Rose (1968) assuming 



Fig. 4. Camma ray spectrum in noincidonre with the 599 kev gamma rays. 


the upper 91 keV gamma ray as 100% Mi and the lower 91 keV as a mixture of 
95% Ml and 6% E 2 as discussed in section 6. For comparison the theoretical 
value of the detection efficiency for the crystal used was taken from the Nuclear 
Data Tables (1960), This valuta agrees with the experimental value when the 
value of X is {10d;:2)%. 


V. THE a* M E A S U li E M K N T 8 

To measure the JT-conversion coefficient of the lower 91 keV gamma ray the 
fixed channel was set around 699 keV and the sliding channel was nin at low 
energies. The photo-areas under the iC-X-ray peak and the 91 keV peak 
(Fig. 4) were corrected for absorption, detection efficiency of the crystal, escape 
peak correction etc. The fluorescence yield correction, Wapstra (1969) was also 
applied to the X-ray peak. A value of 1.6±0.2 was obtained for the K conversion 
coefficient. This value is in agreement with the value measured by Hans (1966). 

To have an estimate about the X-conversion coefficient of the upper 91 keV 
gamma ray, coincidences were recorded on the low energy side by triggering with 
the 91 keV gamma ray as shown in fig. 2. JT-conversion coefficient was measured 
from the coincidence spectrum as described earlier, after applying various cor- 
rections, and came out to be 1.26±0.26. This value nearly corresponds to the 
average value of the conversion coefficients for the upper and the lower 91 keV 
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gamma rays. Tho conversion coefficient for the lower 91 keV gamma ray is 1.6 
J_0.2 as stated above. The conversion coefficient for the upper 91 keV gamma 
ray comes out to be 0.92 Jr 0.53. The theoretical value for the K- convor- 
sion coefficients for E\, Mi and type of transitions are 0.29, 1.62 and 1.31 
respectively. Thus we conclude that the upper 91 keV gamma ray is most pro- 
bably E.^-\-Mi and the lower 91 keV gamma ray is either Mi or Ml with a small 
admixture of E^- From the preliminary study of the 91-91 keV cascade angular 
correlation wo have found that the lower 91 keV gamma ray contains a quadrupole 
admixture of 5% assuming the upper 91 keV gamma ray as 100%Mi. 

The authors are thankful to Professor Rais Ahmed for his stimulating 
interest through out this work. One of the authors (M.S.R.) is thankful to the 
Aligarh Muslim University for providing him a resciarch fellowship. 
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ABSTRACT. The resullH of moa^^urement in tho 7 mm. microwave region on the tem- 
perature dependence of the time of relaxation (r) of a number of pr)lar organic molecules of 
different shape, size and dipole moment dispersed in very dilute solutions in non-poltir solvents 
have boon reported. It has been shown that the dependence of r at any temperature (T) 
on the visCiOsity (i?) of the solution may be represented by t.^T— const. where y ia the ratio 
of the experimentally determined heats of activation for dielectric relaxation and viscous 
flow. The relation between tho activation energy for dipole rotation for a largo number of 
polar organic molecules in dilute solution in CCI4 and the total energy duo to dipole-dipole, 
dipolt3.indu<}ed dipole and London dispersion forces between the solute and solvent molecules 
has beea discussed. It is found that the agreement between the experimental and the calcu- 
lated energy values is fairly satisfactory for many of the compounds and the probable causes 
for somewhat large discrepancies in a few oases have been suggested. 


INTRODUCTION 

Recently (Sinha et al., 1966, 1966) it has been shown that the time of relaxa- 
tion (t) of organic polar molecules in very dilute solutions in non-polar solvents 
at any temperature {T) is not dependent linearly on the viscosity {ij) of the solutions, 
but may be expressed as t.T = const, 'f' where y is the ratio of the experimentally 
determined values of tho heat of activation for dielectric relaxation and viscous 
flow. However, no attempt was made to correlate the values of the heat of acti- 
vation for dipole orientation with the energies of various intormolecular interactions 
between the solvent and solute molecules. Bhanumati (1963) had shown that 
in the case of some pure polar organic liquids the experimental values of tho 
activation energy for dipole-orientation agree fairly well with the total interaction 
energies calculated from the dipole-dipole and dipole-induced dipole forces. In 
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the easo of diliito solut ions of polar molecules in nonpolar solvents it will be inter- 
esting to find out the (u)ntri})utions made by different intermolecular interactions 
to the total activation energy requir'd for the process of the orientation of the 
dipoles. P\)r this purpose, use has boon made of the results of measurements of 
ih(! teinperaturo dependence of the time of relaxation of a number of polar organic 
com])ounds, having molecules of different shape, size and dipole moment, in 
solutions in diff ei cmt non-polar solvents and those reported in the papers mentioned 
above. 


EXPERIMENTAL 

The chemicals nitroinethanc, nitroethane, chloroform, acetone, ethyl acetate 
a-bromonaphthalene and methyl, ethyl and benzyl esters of benzoic acid used in, 
this investigation wore of chemically pure quality and the samples were subjected 
to fractional distillation and distillation under reduced pressure before use. Care- 
fully dehydrated carbon tetrachloride, benzene and n-hexane used as solvents, 
showed slight losses in a path-length of 24 cm in the frequency region of 7.7 mm 
and these were properly taken into account for determining the overall losses due 
to the solutions. The experimental arrangements and the method of calculation 
of loss tangent (tan i) were the same as described in a previous paper (Bhatta- 
charyya et al., 19()4). The values of the viscosity of the solvents were taken 
from tlic data published in the standard literatures. 


R E S IT L T S AND DISCUSSION 

1 he time of relaxation (t ) for the molecules of the various polar compounds 
in very dilute solution in the different solvents at different temperatures {T) were 
calculated from the experimental tan values with the help of the following equa- 
tion, 


e' 27kT l+wM ■” ' ^ 

where C is the concentration in moles/cc, e' is the dielectric constant of the solution 
at the angular frequency of measurement (w), fi is the dipole moment of the polar 
molecule and the other symbols liave their usual meanings. The values of e' 
were taken to be the same as the static dielectric constant of the pure solvents 
and the dipole moments of the molecules of ethyl and benzyl benzoates, and 
a-bromonaphthalene were taken from the published data and those of the remaining 
compounds were determined experimentally (see Section a). The values of T, 
tT 

tan S, T and ^ are given in Tables I-IX 
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■=3.07B;Cal/mole 4flT=3.17 K.Cal/mole AHr=1.13K;.Cal/mole 

=2.44 K^Cal/mole 4H)7=2.53 K.Cal/mole aH'I=1.84 K.Cal^ole 
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AHt =1.85 K.Cal/mole AHt =1.73 K.Cal/mole /^Ht =1.69 K.Cal/mole 

=2 .44 K-Cal/mole AH'! =2.33 K.Cal/mole Afl,, =1.84 KCal/mole 
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TABLE IX 


a-bromonaphthaleno 


2. 

00 

X 

? 

molos/co in CCI 

4 

2. 

82x10-4 : 

moles/oc in CeH 

14 

T°K 

tan $ 

tXIOW 

See 

t.T 

- y XlO’ 

T°K, 

' tan 3 

tX 1012 

See 

t-2’ ,/v. 

276 

.0044 

34.38 

22.5 

276 

.0090 

15.94 

22.09 

286 

.0048 

30.32 

22.7 

286 

.0094 

14.49 

22.02 

296 

.0052 

26.80 

22.7 

296 

.0099 

13.19 

21.84 

306 

.0066 

23.99 

22.6 

306 

.0100 

12.01 

21.65 

319 

.0060 

21.29 

22.9 

316 

.0105 

11222 

21 .95^ 

333 

.0064 

18.96 

23.3 

326 

.0107 

10.48 

22.05^ 

343 

.0066 

17.72 

23.9 






aHt == 1 .37 K.Ca./iuolo aHt =0.94 K,. Cal /mole 

Ally) -=2.41 K.Cal/molo aH^ =1.84 K,.Ottl/mole 

Y =0.56 Y ^0.51 


TABLE X 


Compound 

Dipole moment in Debye Unit 
in sohi. in 

Other microwave 

■ measurement (jxD) in 
CqHq solution 

CCI 4 

CeHti 

CgHj^ 

Nitrometliane 


2.85 


2.87*' 2.81c 

Kitroethane 

3.00 

2.97 



Chloroform 

1.08 

1.08 


1.13« 1.23* 





(in heptane) 

Acetone 

2.64 



2.68* 2.6c 

Ethylaoetate 

1.66 

1.64 



Methyl benzoate 



1.82 

1.32c 


(а) Jackson and Powles (1940) 

(б) Whiffen and Thompson ,( 1 946) 
(c) Cripwall and Sutherland (1946) 
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TABLE XI 


(a,) Polarizability of CCI 4 molecule 
(I,) Ionisation potential of „ 


/ = 




105.0x10-2* CO. 
11 47 ev 


Polarisa- Ionisation Activation . „ El* K.Cal/molo 

bility potontial onorgy / ” ^ 10“26 calculated for 

C. impound ap Tp lHt 

XlO^Qcc ev K. Cal/mole r = 5.26A r==5.43A 


Nitro methane 
2.85 

49.0 

11.00 

0.31 

.013 

.48 

(.61) 

.S9 

(.60) 

Nitro ethane 

3.00 

69.0 

10.00 

1.94 

.064 

.60 

(.74) 

.40 

(.60) 

Acetone 

2.64 

63.3 

10.10 

1.17 

.038 

.58 

(.68) 

.47 

(.66) 

Chloroform 

1.08 

82.3 

11.50 

3.07 

.070 

.82 

(.84) 

.67 

(.68) 

Ethylacetato 

1.55 

88.0 

9.50 

1,97 

.049 

.79 

(.B3) 

.64 

(.67) 

Fluoro benzene 
1.45 

102.0 

9.0.2 

0.70 

.015 

.90 

(.93) 

.74 

(.77) 

Chloro benzene 
1.56 

122.5 

8.80 

0.90 

.019 

1.06 

(1.10) 

.86 

(.89) 

Bromo benzene 
1.50 

136.0 

8.98 

1.46 

.025 

1.16 

(1.19) 

.96 

(.98) 

nitro benzene 

3.97 

129.2 

9.00 

1.65 

.029 

1.15 

(1.39) 

.94 

(1.13) 

o-dichloro benzene 
2.20 

141.7 

9.06 

1.38 

.022 

1.24 

(1.31) 

1.02 

(1.08) 

m-dichloro benzene 
1.48 

142.3 

9.00 

1.52 

.024 

1.27 

(1.30) 

1.04 

(1.07) 

o-nitro toluene 

3.66 

149.0 

8. 0-9.0 

1.55 

.023-. 026 

1.19-1.33 

(1.39-1.63) 

.97-1.09 

(1.13-1.26) 

m-nitro toluene 
4.14 

149.0 

8. 0-9.0 

0.78 

.012-. 013 

1.17-1.33 

(1.43-1.69) 

.06-1.09 

(1.16-1.29) 

p-nitro toluene 

4.42 

134.0 

8. 0-9.0 

0.85 

.014-. 016 

1.07-1.20 

(1.30-1.49) 

.87-. 98 
(1.10-1.21) 

Methyl benzoate 
1.82 

151.0 

8. 0-9.0 

1.58 

.023-. 026 

1.20-1.36 

(1.26-K40) 

.98-1.10 

(1.02-1.14) 

Ethyl benzoate 

1 88 

171.0 

8. 0-9.0 

1.46 

.019-. 021 

1.36-1.53 
(1 41-1 68) 

1.11-1.26 
(1 16-1 29) 
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TABLE XI {coni,) 


Compound 

ixn 

Folarisa- 

bility 

ap 

X 10 CO 

Ionisation Activation 
potential energy 
ip Aiir 

ev K.Oal/mole 

X 10-as 

i 

1 

Ed K.Cal/mole 
calculated for 

r- 5.25k 

r=6.43A 

Bonzyl benzoate 

252.0 

8. 0-9.0 

i 

1.86 .01ft-ji018 

2.21 

1.80 

2 00 




i 

(2.27) 

(1.85) 

a-chloro 




\ 



aa-pbthaleno 

103.0 

8.2 

1.43 

.^18 

1-61 

1.32 

1 50 





(1.61) 

(1.36) 

a>bromo 







naphthalene 

197.0 

8.2 

1.37 

.017 

l.«4 

1.35 

1 60 





{1.67) 

(1.38) 


♦The qaantities ia the parejithosos give the values of j^x^when the inloraction energy 
duo to dipolo-induced dipulo forces is considered. For p^2/> the contribution due to Ed is 
less than 5% of Only for ii>2 is the contribution appreciable. 


The molar heats of activation (l^Hr) for dielectric relaxation and (Ai/^) for 
viscous flow were determined from the plots of log (rT) and log rj against 1 jT 
as usual. These values and also their ratio (y) are given at the foot of the 
respective Tables. 

(a) Ddermination of the dipole moment {jii) 

It is seen from equation (1) that the graphs of T tan Sfc against cor and conse- 
quently T would show a maximum at a certain temperature l\ax for which the 
condition cor = 1 is satisfied. Some of these curves are shown in figures l(a)-(c) 
The /c-values have been calculated from the maximum value of T tan Sje obtained 
from the graph at the temperature and are given in Table X. The /c- values 
reported by other workers from measurements in the microwave region are included 
in the table for comparison. The agreement between these values is seen to be 
satisfactory. 

(b) Dependence of time of rdaxaJtion on viscosity and molecular size : 

The results presented in Tables I—- IX show that for a given polar molecule 
the r- value at a temperature T increases with the increase in the viscosity of 
the solvent, while in the case of any of the solvents the r- values of the different 
polar molecules arrange themselves roughly accordingly to the size of the 
molecules. This shows r may be expressed as r =/(^)(/(<>). In order to 
6 
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determine the functional dependence of t on ly at any temperature T, the values 
of log {t.T) have been plotted against log 7 — values. The linear plots give 



Fig. la. Plot of vs T 


Nitromethano in solution in bonzono. 



T°K-> 

Fig. lb. Plot V8 5P. 

c 

Nitroethane in a solution in carbon 
tetrachloride. 



T°K-^ 

Fig. Ic. Plot of vfl T 

c 


Ethylacetate in solution in benzene* 

the required relation tT ~ const. //'*' as obtained in an earlier paper (Sinha sf <*Z., 

1966). The constancy in the values r-Tjtf' are seen from the data in Tables 
I-IX. 

( 0 ) Activation energy and hdermokcvlar forces : 

In the case of solutions of polar organic compounds in non-polar solvents the 
three main types of intermolocular forces (Ketelaar, 1963) are : 

(i) dipole-dipole interaction, the energy of interaction 


* • • 
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(ii) dipole-induced dipole interaction, the energy of interaction 



(2b) 


and 


(iii) London dispersion forces, the energy be|ng 




2 

2 ' 




UIp 






0 


... (2c) 


where fi is the dipole moment, a the polarisabi]|ty, I the ionisation potential, 
R is the separation between dipoles and r the average distance between the solvent 
and solute molecules, the suffixes s and p denotinj| quantities of the solvent and 
solute molecule respectively. 


If we neglect the possibility of other interactions c.g. hydrogen bond formation 
etc., then the sum of the above energies should be equal to the activation energy 
required for dipole orientation. However, we may note that for very dilute solu- 
tions since R is large Etc will be negligible while if n is not very large and a not too 
small the contribution duo to Ed will also be small (about 2-5% of E^M p < 2). 
Thus the interaction energy due to London forces El would chiefly determine the 
activation energy. For this purpose the necessary values of ctp have been taken 
from the values published in the literature wherever available and in other cases 
these values have been calculated from the refractive index and molar volume 
data. The ionisation potential values have been taken from the published papers 
(Kandel, 1955; Watanabe, 1957; Vilesov and Terenin, 1957; Streiswieser, 1960). 
In case where the values for the substituted compounds are not available, the 
required ionisation potential have been estimated from that of the parent com- 
pound. The values of for the different compounds in solution in carbon 
tetrachloride obtained in the present and previous investigations (Sinha el al., 
1965, 1966) have been used because the polarisability of the molecule of CC34 
is the same in all directions. With these value El may be written as 


El — —gfap 


... (3) 


where g = - —€.1^ 

is constant for the particular solvent if r is taken to be almost constant. /== 
tpllp+ls varies between 0.4 and 0.6 for most of the molecules. If Ip, Is are 
expressed in K.C^/mole, r in cm and ap, as in cc. then El would be expressed 
in K.Cal/mole. From equation (3) it is evident that for a given solvent if El 
is put equal to AHr then I^Hrffap should be constant. These are shown in 
Table XI. The ratio AHtffeip are seen to be approximately cemstant for tiie 
different moleoules, 
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On the other hand with the value of r estimated from the total number of 
molecules per oc. of the carbon tetrachloride solution the values of El have been 
obtained from equation (3) for two values of r. These are shown in the same table. 
The agreement between the experimental A//r values and the calculated values 
of El is fairly satisfactory. Tliis table also contains the values of the total inter- 
action energy Ei-\-En when the energy due to dipole-induced dipole forces is 
not n('glected. Even then in some cases, however, there are somewhat large 
discrepancies between the two energy values. Tliis might be due to the following 
reasons : 

(1) In calculating the values of El the average values of the polarisability 
(a/>) has been used which in these cases may not be quite justified, and 

(2) The value of r the average distance of separation has been taken to bo 
approximately the same in all cases, but act ually the value may be somewhat 
different in different cases. 

(3) The calculated value of El shows the largest disagreemont in the case 
of chloroform for which the experimental values of activation energy in solutions 
in cell and CjHj arc also larger than those for viscous flow. In the case of 
solution in C^Hji however, the activation energy is smaller (see Table IV). These 
facts indicate that probably the proton donor chloroform* molecules form weak 
intermolecular bounds with the solvent molecules of CCli and CgHg. The forma- 
tion of such bonds, the possibility of which has been excluded from consideration, 
may account for the largo, deviation between the experimental and the calculated 
values in the case of chloroform. 
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SECOND VIRIAL COEFFlClENt OF NON-POLAR 
GASES AND GAS MIXTUR^ AND BUCKIN- 
GHAM-CARRA-KONOWALO^ POTENTIAL 

V. P. s. NAIN AND S. C. JAXENA 

Dbpabtment op Physics, ITnivebsity op Ra^stbak, JAiPtm, India 
{Received August 8, 10^) 

ABSTRACT. Second virial coeifioiont data of fiv4 rare gapes, hydrogen and methane 
as a function of temperature have been interpreted on itho three parameter interraolecular 
potential recently introduced by Carra' and Konowaloi#. Polential parameters have been 
determined for these seven pure gases. Combination rules liave been derived which enable 
the determination ot the unlike interactions from the knowledge of t he related like interactions 
only. The second virial data of eight different binary gas pcirs arc also diKwtcd, Frcm 
tliose detailed investigations it has been concluded that this potential is somewhat superior 
to the two other widely studied three parameter potentials viz., the modified Buckingham 
oxp-6 and Morse. 

INTRODUCTION 

A largo number of intermolecular potentials have been used for computing 
the second virial coefficient, B(T), of non-polar gases and gas mixtures. In this 
article we study in detail a three parameter potential recently introduced by 
Carra' and Konowalow (1964). This -potential employs an exponential function 
to represent the repulsive overlap part of the intermolecular potential first sug- 
gested by Buckingham (1947) and is therefore more fully referred as Buckingham- 
Carra' -Konowalow potential. Hereafter this potential will be abbreviated as 
BCK, According to this the interaction potential energy, (p(r) is given by 

Here r is the molecular separation distance, e the depth of the potential energy 
minimum, is the value of r for which ^(r) is a minimum, and 6 is a parameter 
which controls the slope of the repulsive limb. 

Carr4 and Konowalow (1964) determined the parameters of the BCK potential 
for neon, argon, kiypton and xenon by using the crystal energy data and one value 
of the second virial coefficient. We determine the potential parameters for the 
five rare gases, hydrogen and methane employing only the JB(T) data as a function 
of t^perzture. Making use of the expressions for the combination rules, also 
developed here, the jB(T) data of eight different gas pairs as a function of tempera- 

199 
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On the other hand with the value of r estimated from the total number of 
molecules per cc. of the carbon tetraclilorido solution the values of Ei have been 
obtained from equation (3) for two value-s of r. These are shown in the same table. 
The agreement between the experimental AHr values and the calculated values 
of El is fairly satisfactory. This table also contains the values of the total inter- 
action energy Ei+Ej) when the energy due to dipole-induced dipole forces is 
not neglected. Even then in some cases, however, there are somewhat large 
discrepancies betw'een the two energy values. This might be due to the following 
reasons : 

(1) In calculating the values of Ej, the average values of the polarisability 
((Xp) has boon used which in these cases may not be quite justified, and 

(2) The value of r the average distance of separation has been taken to be 
approximately the same in all cases, but actually the value may be somewhat 
different in different cases. 

(3) The calcidated value of Ei shows the largest disagreement in the case 
of chloroform for which the experimental values of activation energy in solutions 
in CCI4 and CoHj arc also larger than those for viscous flow. In the case of 
solution in CgHj4 however, the activation energy is smaller (see Table IV). These 
lacts indicate that probably the proton donor chloroform* molecules form weak 
iutermolecular bounds with the solvent molecules of CCI4 and CjHj. The forma- 
tion of such bonds, the possibility of which has been excluded from consideration, 

may account for the large deviation bc'tween the experimental and the calculated 
values ill the case of chloroform. 


H E F E R E NOES 

A. (Mr.^.), 1963, hid. J. Pure. Appl. Phys., 1, 79, 

Uhauacharyya, .T., SinJai, H. (M, .«), Hoy, S. H., and Kastha’, G. S., 1964, Indian J. Phye., 

Cripwoll, F. J., and Sulhorland, G. B. B. M., 1946, Trans. Farad. 800 ., 424, 149. 

Jack, son, W., and Powlos, J. Q.. 1946, Trans. Farad. Soo.. 42A, 101. 

Kaiidel, R. ,T., 195i5, J. Chem. Phys., 28, 84. 

^1 1 , J. A. A., Chemioal Constitution, Bisaviar Publishing Company, 

. ifdia, B. (Miss), Roy, s. B., and Kastha, G. S., 1965, Indian J. Phys., 89, 328. 

o.,,. . '. Indian J. Phys., 40, 101. 

btroiswioser, A. (Jr.), 1900, J. Am. Chem. 800 ., 88. 4123. 

Sr'"’/’ V. 8 . 8 .R., 118, 744. 

Watanabo, K., 1957. J. Chem. Phys., 26, 641. 

Whiffen. D. 11. and Thompson, H. W.. 1946, Trans. Farad. Soo., 42A, JU, 122. 



SECOND VIRIAL COEFFICIENt OF NON-POLAR 
GASES AND GAS MIXTUR^ AND BUCKIN- 
GHAM-CARRA-KONOWALC^ POTENTIAL 

V. P. S. NAm AN0 s. c. |axena 

Dkpabtmbnt of Physics, ITniybbsity of RaJisthak. Jaipdk, India 

? 

(Received August 8, 19^) 

I 

ABSTRACT. Second virial coefficient data of fivd'Tare ganes, hydrogen and methane 
aft a function of temperature have been interpreted on Ihe throe parameter intermolecular 
putoiitial recently introduced by Carra' and Konowalow. Potential parameters have been 
determined for these seven pure gaHOs. Combination niles hav6^ been derived which enable 
the dotormination of the unlike interactions from the knowledge of the related like interactions 
only. The stMUJud virial data of eight different binary gas paiiA oie also diK*uf-tod. Frcm 
these detailed investigations it has been concluded that this potential is semewhat superior 
to the two other widely studied three parameter potentials viz., the modified Buckingham 
exp-6 and Morse, 


INTRODUCTION 

A large number of intermolecular potentials have been used for computing 
the second virial coefficient, B(T), of non-polar gases and gas mixtures. In this 
article we study in detail a three parameter potential recently introduced by 
Carra' and Konowalow (1964). This potential employs an exponential function 
to represent the repulsive overlap part of the intermolecular potential first sug- 
gested by Buckingham (1947) and is therefore more fully referred as Biickingham- 
Carra'-Konowalow potential. Hereafter this potential will bo abbreviated as 
BCK. According to this the interaction potential energy, 0(r) is given by 

Here r is the molecular separation distance, e the depth of the potential energy 
minimum, is the value of r for which ^{r) is a minimum, and 6 is a parameter 
which controls the slope of the repulsive limb. 

Carrd and Konowalow (1964) determined the parameters of the BCK potential 
for neon, argon, krypton and senon by using the crystal energy data and one value 
of the second virial coefficient. We determine the potential parameters for the 
five rare gases, hydrogen and methane employing only the B{T) data as a function 
of tempereture. Iibhing use of the expressions for the combination rules, also 
4evelo|ied here, the B(T) data of eight di^ereiij; gas paira as a function of tempera* 
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ture have boon interpreted. Lastly, we present a comparative assessment of this 
potential in relation to the two other intermolecular potentials and show the 
supremacy of the BCK potential. The other two potentials are the familiar modi- 
fied Buckingham exp-6 potential first used by Rice and Hirschfelder (1964) and 
the Morse potential exploited by Konowalow, Taylor and Hirschfelder (1961). 
These two potentials will be abbreviated as BRH and KTH respectively. 


C () M B I N A T T O N RULES 


The development of such relations which may permit the determination 
of the unlike molecular interactions from the related like interactions is very 
useful for it then becomes possible to calculate the different properties of mixtures 
also. Such relations, usually referred as combination rules, are not known for the 
BCK potential. Wepresent below the development of such expression. This has been 
done in bi ief for the pertinent arguments involved have been stated earlier in many 
papers. Equation (1) is easily transformed to the following convenient form : 

<f>(r) rrr ... (2) 

where 


4 = ^ 


, B b/rm. 


and 




(b+h) 6 

b ”• ’ 


... (3) 


and r* is the reduced value of r such that r* ~ As shoAvn by Zener (1931) 

the value of JS corresponding to the unlike molecules can be w ritten in terms of the 
like molecules as, 

‘ ... (4), 

The theories of despersion forces first giviui by London (1930) and further 
approximated by Beattie and Stockmayc^r (1961) suggest the geometric mean 
rule for D so that 

... (6) 

Theory provides no clue for suggesting a combination rule for the parameter A, 
Some empirical arguments and more the success achieved in connection with the 
other potentials prompt us to assume a geometric mean rule for A also. Conse- 
quently wo get 

^12 “ . -^22)^ ... (®) 

Substituting the values of different Di^ and Aij from Eq. ( 3 ) in Eqs. ( 6 ) and ( 6 ) 
respectively , and then dividing the former by the latter we get the following trans- 
cendental equation for evaluating the parameter 612 * 

*12+® r^ii+e 622+6 1* 


( 7 ) 
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Again the substitution of different in Eq. (4) from Eq. (3) leads directly to the 
following explicit relation for in terms of aid other constants characteristic 
of. pure interactions. This is 


(y = 

^ +^22/(^111)22 

Similarly the required relation for emerges 
the values of different Aij from Eq. (3), which is 


^12 — (^11 • ^ 22 )^ 


,Ai 2 f ■ 0*ffih2 

(^11*^22)^ L (^m )\2 


w|« 


n one substitutes in 




e - 2 


(8) 

Eq. (6) 


... (9) 


Thu relations (7), (8) and (9) are to bo employed for computing fcig, (r«)i 2 and e,o 
rospootively and hence the so called combination rales. 


POTENTIAL PARAMETERS 

The approach of Carra' and Konowalow (1964) for determining the three 
parameters b, ejK and r„, of BCK potential is somewhat objectionable. This is 
because they have employed the crystal energy data and assumed the validity 
of the pairwise additivity rule. We have therefore evaluated the potential 
parameters from the temperature dependence of B{T) data alone. The para- 
meter b of the BCK potential is related with the parameter a of the modified exp-(6) 
potential, Carra' and Konowalow (1964), as 

b = a-6. (10) 

This relation results by equating the values of on the two potentials at the 
minimum. To start with we have also assumed the relation of Eq. (10) and deter- 
mined the remaining two parameters efk and tr by adopting the familiar 
method of translation. A log-log plot of the reduced virial coefficient B* 
(b, T*), is drawn against T* the reduced temperature for a particular value 
of b characteristic of the gas under investigation. A similar log-log plot of experi- 
mental B{T) against T is next prepared on a transparent graph paper emplying 
the same scale as in the previous plot. The latter plot is next moved over the 
former and an effort is made to best coincide the two by translations parallel to 
the two axes. The magnitudes of translation along the X and T axes yield the 
values for e/jfc and respectively. The values so obtained are recorded in Table 
1- The references to the experimental data employed are given in the last column 
of this very table. 

The parameters for the unlike interactions can now be calculated aopording 
to the Eqs. (7), (8) and (9) and the like parameters recorded in Table I The 
values of. these unlike parameters are reported in Table H. 
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(M) ]\t PA Jt r 8 () N OP T H P: (> R E T I r A 1. AND EXPERIMENTAL 
S K Cl O N D V I U I A L COEFFICIENT 

The second virial coefficient of a pui’e gas, B{T)y as given by Hirschfel^er, 
Curtiss and Bird (1954), is 

B(T) ^ 2ri7rNrJB*{b, T*), (H) 

whore N is the Avogardo number. Utiling the tabulations of Carra' and Kono- 
walow for B* (b, T*) in conjunction with the parameters given in Table 11, B(T) 
was calculated at all those tomporatmes where direct measured values are avail- 
able. We do not report here all these calculations for the sae of brevity. However 
in Table 111 column 2 wo. list for all the gases average absolute deviations, 

The latter being the difference of the experimental and calculated values of the 
second virial coefficient. 


TABLE I 


Potential parameters for like interactions 

Pammetors 

Pai’tiTiiott3rs 

tJK 


(Uis 

b 

' K 

Koferenoos 

if© 

6.5 

4.53 

3.084 

No 

8.5 

36.31 

3.018 

Ar 

8.0 

125,9 

3.828 

Kr 

6.3 

J52.7 

4.296 

Xo 

8.0 

231.2 

4.685 


8.0 

32.61 

3.263 

Oil. 

8.0 

155.6 

4.244 


TABLE II 


Potential parameters for unlike interactions 

Parameter 

OaKpairs 

*12/K 

"K 

(^)mi2 

A® 

Ile-Ne 

7.5 

12,97 

3.047 

Ho At 

7.26 

23.14 

3.456 

No-Ar 

8.25 

71.94 

3.363 

Ne-Kr 

7.41 

91.1 

3.458 

Ar-Kr 

7.15 

144.9 

4.029 

He-Ha 

7.26 

11.82 

3.180 

Ar-Hjj 

8.0 

64. SO 

3.623 

Ar-CH* 

8.0 

140.7 

4.013 
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TABLE III 

Comparison of average absolute deviations, in cc/mole for pure gases 


(jias 

BCK 

sot I 

BCK 
set II 

BKH 

KTH 

He 

0.14 

— 

^-0.18 

1.41 

No 

0.78 

1.16 

JD.91 

0.72 

At 

2.60 

2.61 


6.71 

Kr 

11.38 

18.39 

^.65 

7.66 

Xo 

1.56 

3.28 

V.89 

2.42 

H, 

0.31 

— 

C.42 

0.30 

CH 4 

O.IO 

— 

0.37 

1 .31 


•TABLE IV 

Comparison of average absolute derivations, S, in cc/mole for binary gas pairs 


Gas pair 

BCK 

BRH 

KTH 

He-Ne 

0.61 

0.69 

0.99 

Ho-Ar 

1.48 

3.14 

6.03 

No-Ar 

18.6 . 8.6 

24.5 , 14.8 

20.1 , 10.4 

No-Kr 

12.6 

16.0 

7.4 

Ar-Kr 

19.1 

4.76 

18.3 

He-Ha 

0.76 

0.68 

1.66 

Ar-Ha 

0.58 

0.63 

0.69 

Ar.CH 4 

3.66 

1.55 

2.08 


Set I refers to the values obtained on the basis of the potential paramctois 
determined here, while set II employs those reported by Garra' andKonowalow. 

The second virial coefficient of a binary mixture Bmix (T), is given by the 
following expression (1954) 


Here Jfj and ^2 are the mole fractions of the components 1 and 2 respectively, 
Hufand are the B(T) values for the components 1 and 2 respectively, and B 12 
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is the virial coefficient of a hypothetical pure gas shose molecules interact accord- 
ing to the potential law for (1, 2) interaction. B,niz v^alucs were computed for 
the eight gas pairs at all those temperatures where directly observed values are 
available. Again for conciseness wo do not report all these calculations but 
instead are given in Table IV column 2 the avc^rage of the absolute differences 
between the observed and calculated values, X. The experimental data used 
here are due to the authors Fender and Halsey (1962), Thomaes and Steen winkel 
(1962), Gibby, Tanner and Masson (1929), Edwards and Rooserveare (1942), and 
Knobler and Beenakkcr (1959). 

It will be noted from the entries of column 2 Table 111 that the reproduction 
of B{T) values is satisfactory for helium, neon, argon, xenon, hydrogen and mthane 
in as much as deviations arc always within the limits of experimental uncer- 
tainties. The situation for the case of krypton is very unsatisfactory and the 
discrepancy is more than can be explained on the basis of experimental uncer- 
tainties. We have also calculated the B(T) values for neon, argon, krypton and 
xenon utilising the potential parameters of Carra' and Konowalow (1964). The 
X- values for all these gases arc listed in Table III column 3. It is important to 
note that discrepancies in all cases except argon are now more than in the 
previous case and particularly for kr^^^ton this difference is appreciable. 

Similarly we notice from Table IV that for the gas pairs helium-neon, helium- 
argon, helium-hydrogen, argon-hydrogen and argon-methane the agreement 
between the experimental and calculated B(T) values is good. On the other hand 
for neon-argon, neon-krypton and argon-krypton the reproduction of B(T) values 
is quite poor. According to Saxena and Gambhir (1963) experimental value for 
neon-argon gas pair is likely to be in error (1963). Thus, in binary gas pairs we 
find that agreement between theory and experiment is always satisfactory except 
when krypton constitutes as one of the components. The failure of the BCK 
potential to explain the data of krypton is not very strange and has been noticed 
earlier also in connection with other potentials, Bahethi and Saxena (1964). 

In order to have an absolute assessment of this potential in relation with the 
BRH and KTH potentials it is essential to know the values of X for these two 
potentials for systems of Tables 11 1 and IV. Employing the most commonly used 
parameters and suitable tabulations virials were calculated for all these gases 
and gas pairs and X computed. These values are recorded directly in Tables 
III and IV. A critical study of the two tables reveals that leaving krypton in 
all cases BCK potential is better than the two other potentials. BHR potential 
also seems to be somewhat preferable over the KTH potential. The uniqueness 
of the behaviour of krypton seems to bo inherent in all the three potentials. It 
is iniportant to note that in BHR potential the parameters were determined by 
considering both the second virial, viscosity and crystal data but a WEB treated 
as a completely disposable parameter. In the case of KTH potential the parameters 
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were determined from B{T) data alone or in combination with crystal data. Thus 
the comparison between BCK and KTH potentials may be regarded as equivalent 
in most of the cases. To get a more clear picture about the relative merits of BCK 
and BRH potentials we undertake certain more investigations in the next section. 

DISCUSSION ON TNTERMOLECXiLAR POTENTIALS 

'i 

As pointed out in the last section BCK potential fails to reproduce the B(T) 
data for krypton. The deviation between the expei|ment and theory is pronounced 
and somewhat alarming only at low temperatur^ ranging upto 170^K. It is 
important to note that at still higher temperaturi upto the theory does 

succeed in reproducing the experimental data witl^ the margin of experimental 
uncertainties. The situation is relatively superior for the BRH potential and even 
for the KTH potential to some extent. We therefore reexamine the krypton 
B{T) data and make an attempt to determine the three parameters independently 
without assuming the relation of Eq. (10) for 6. We include also argon data for 
a similar analysis though for this gas BCK potential has been found to be superior 
to both BRH and KTH potentials. Another consideration which weighed with 
us to include this gas is the availability of its B(T) data over a very extensive 
temperature range 85-873'^K, 

The procedure adopted for determining the three parameters of the BCK 
potential is somewhat similar to that earlier described in section 3 except now the 
theoretical log-log plotsare drawn for several probable values of 6, 

While moving the experimeiitaljog-log plot over the theoretical plots an 
attempt is made to fix the parameter b on the criterion of best fit. The values of 
the potential parameters so obtained for argon and krypton are reported in Table 
V. The reprodiictioji of the B(T) data on the basis of these parameters improves 
remarkably as compared to the one obtained on the basis of the parameters of 
Table I. To give an idea no quote the average absolute deviation of the computed 
values from the experimental values. These are 1.08 and 3.26 cc/mole for argon 
and krypton respectively. A further check is possible on the suitability of these 
parameters by performing calculations on binary systems which involve these 
gases. We investigated the systems argon-krypton and neon-krypton in this 
light. However the calculations revealed only inappreciable improvement. This 
of course should not be regarded as disappointing. As regards the absolute values 
of the potential parameters are concerned these are reported in Table VI and are 
appreciably different than those of Table II. The mixture B(T) values for these 
systems are available only over a limited temperature range and it so happens that 
the changes produced in the computed B{T) values from the variations in thevalues 
of the potential parameters oancal each other such tliat the overall valuer remain 
nnaffeoted. We are of the opinion that in general it would be more appropriate 
to determine the three parameters pf the BCK potential by treating all the three 
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parameters as completely disposable at least in those cases where elaborate ex- 
perimental data are available. 


TABLE V 


Potential parameters for argon and krypton 


Gas 

b 

e/K 






Ar 

8.5 

128.8 

3.828 

Kr 

7.0 

156.7 

4.362 



TABLE VI 

Potential parameters 

for gas pairs 

Gaafpair 

^L2 

h2l^ {Tm) 

°K A° 

Ar*Kr 

7.75 

149.7 4.063 

Ne-Kr 

7.75 

102.4 3.606 


TABLE VII 


Values of parameters c' and 6' as computed from Eqs. (13) and (14) 


Gas Paranioter 

He 

Ne 

Ar 

Kr 

.Xe 

H. 

CHa 

0* 

4,0 

5.1 

5.0 

4.5 

4.9 

5.0 

4.9 


4.2 

5.0 

5.0 

4.5 

4.6 

5.3 

4.9 

b 

6.5 

8.5 

8.0 

6.3 

8.0 

8.0 

8.0 

b' 

(set I) 

17.7 

7.3 

6.6 

7.1 

7.9 

8.4 

7.1 

b' 

(set II) 


8.7 

7.2 

4.9 

6.9 

— 

— 


’These values are taken from Konowalow, and Hireechfelder. 1961. 


In literature it has been often attempted to compare parametero on the basis 
t at t e plot of ^(r) veimis r has the same curvature at the minimum for all. Thus 
a relationship between the parameter 0 of the KTH potential with that of the 
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BBH potential was given by Konowalow and Hirschfelder (1961). This leads 
finally to the result that 


_r3a(a-7) e(BRH) <r* •)* 
L (a-6) ■ e(KTH)' J 


(13) 


Similarly one can relate 6 of the BCK potential ijith a of the BHR potential to 
get 


5'4-6 = . *m\BCK) 

^ (a-6) e{BCK) ^\BRH) ' 


(14) 


In Eqs. (13) and (14) C and b' respectively are the^values of c and b when the cur- 
vatures at the minimum for the KTH and BCK potentials are made equal to that 
for the BRH potential. These values of c' and V are reported in Table VII. It 
will be noted from this table that for the KTH potential the agreement between 
the c' and c values is quite good indicating thereby a lot of similarity between 
the KTH and BBH potential. On the other hand the agreement between b' 
and b values is rather poor. This suggests that the BCK potential has somewhat 
different character in the short range intermolecular forces compared to the BRH 
potential. This further suggests that relation given by Eq. (10) should be assumed 
only when an independent accurate determination of 6 is not possible. 


CONCLUSIONS 

V7e wish to make the explicit mention of the following conclusions in view of 
the studies presented in this paper : ' 

1. The BCK three parameter potential seems to be adequate enough to cor- 
relate the second virial data of pure gases and binary gas mixtures. At present 
the limitations of the available theoretical tabulations do not permit a check of 
this potential against other porperties. 

2. This potential completes favourably with the two other widely studied 
three parameter potentials. It is likely that it may supersede even the BRH 
potential which has been enjoyii^ the status of being the best potential for cor- 
relating the different properties of gases and gas mixtures. Certainly this new 
BCK potential seems superior to the KTH potential. 

3. In view of the great i«!omiBe associated with the BCK potential we feel 
that the scope of work on this potential be increased by including the particular 
calculations relevant for the other equilibrium and non-equilibrium properties of 
gases and gas mixtures. 
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ABSTRACT. In this paper the phenomenon of ii|berrupted wave synchronisation of 
an automatic phase control circuit has been studied. Th^ response of such a circuit preceded 
by a tunable high Q circuit to an interrupted sinusoid has been analysed. Simple but not 
very accurate expressions for the locking range of the APC systems when the incoming signal 
is an interrupted one have been derived. When the APC circuit is not preceded by a tunable 
high Q circuit it has been found that the looking range increases with increasing values of the 
rate of interruption and duty cycle of the incoming wave. Necessary and sufficient conditions 
liave been presented for sideband locking. It has been found that the locking of the Iccal 
oscillator with any of the Fourier’s Component becomes easy when the conventional APC 
circuit is preceded by a tunable high Q circuit. Experimental results regarding carrier and 
side band looking range have been pi^sonted and found to be in good agreement with the con- 
clusions of the analysis. 

INTRODUCTION 

Locking phenomena in an automatic phase control circuit with a GW signal 
have been studied by many authors (Bichman, D., ef dl 1954). In this paper 
locking phenomena in an automatic phase control circuit with an interrupted conti- 
nuous wave signal with a high value of carrier to noise ratio (CNR) will be examined. 
Direct synohronisation of a continuous wave oscillator with an interrupted sinu- 
soid has, however, been studied in detail by Fraser, D. W. Injection synchronised 
oscillators, however, suffer from the defect that the independent control of the 
synchronisation range and the noise bandwidth of the system could not be achieved 
without affecting the stability of the local oscillator. As such method of indirect 
synohronisatibn— automatic frequency control (AFC) and automatic phase control 
(APC) of an oscillator were suggested. In an AFC system the frequency of the 
local oscillator is compared to a reference frequency and thus this 83 rstem requires 
a finite error although small, in the frequency of the local oscillator for its required 
operation. The phase locked system (APC), on the other hand, requires no steady 
state error in the output frequency of the oscillator but instead utilises an error in 
the output phase which is the ‘integral’ of the controlled variable i.e. the output 
frequency^ Thus, liere these pa^nmeters can be controlled independent of one 
another. 

This work was done'at the Institute of Radio Physios and Etoctrimics, IjniverBity 
of Calontta. 


209 



210 


B. N. BisuHM 


It has been shown that in the case of CW synchronisation an idea about 
the average network gain of the loop filter and maximum possible synchronising 
range gives a reasonable estimate of the looking range and looking time (Chakrabarti, 
N. B. et al, 1964). A typical block diagram of an APC circuit is shown in Fig. 1. 
The input to the system, in contrast to the case of CW synchronisation, consists of 
a single tone CW signal which is being interrupted at a suitable rate. The spectral 



Fig. 1 . A typical block diagrair of an automatic phase control circuit incorporating a phase 
detector, a low -pass filter, a reactance modulator and an oscillator. 

components of the input wave consist of a carrier and side«band components which 
are separated from the carrier frequency component by the frequency of interrup- 
tion and its multiple thereof. From this one can easily conjecture that the local 
oscillator can be made to look with any one of the Fourier Components (of couse 
with proper choice of system parameters). If the input is a stable one that is if 
a CW wave being interrupted is derived from a crystal oscillator and the waveform 
causing interruption is also stable, then oscillation with stable phase and frequency 
can be obtained by locking an oscillator or oscillators with the different sideband 
components. Such a technique permits saving of crystals in a frequency 
synthesis. Another very important use to which this phenomenon of interrupted 
wave synchronisation may be put is to convert a PRF mdulation into frequency 
modulation. 

In section 2 the governing equations of an APC circuit with an interrupted 
CW signal as the input have been derived. In section 3 the simple APC circuit has 
been studied in detail and an equation for the looking range in terms of the duty 
cycle of the input wave and the system parameters has been derived. 

Section 4 deals with the analysis of an APC circuit with a low«pas8 filter 
m the loop. In this section an expression for the looking ratio for the carrier 
frequency component has been presented. 

Section 6 presents an analysis of this simple APC circuit when it is preceded 

by a tunable high Q circuit. Expressions for the looking range for the side-baiid 
components are also given. 

Section 0 deals with the analysis of the APC oironit inooiporating a loW'pass 
ter in the Irop and preceded by a high Q tuned circuit. This is foUowcd by a 
dfisoription of the experimental set up and a discussion of the experimental results 
regar ng carrier looking range and sideband looking in section 7. Experimental 
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results are in good agreement with the oonolusion of the analysis presented in the 
text. 

DERIVATION OF THE LOOP EQATIONS 

Let us consider the typical APC circuit, wi^ a low^pass filter in the loopj 
Ibr synchronisation with an interrupted sinusoi<£ having a duty cycle of T/Tr 
(Fig. 1), During the on-period of the input wai^ the phase-detector acting as 
an error sensing device of the loop produces an oiltput sin <f>) that controls the 
instantaneous phase or frequency of the voltage |pntrollod oscillator through the 
low-pass filter in the loop. Hero is the sentiti^ty of the phase detector and^ 
is the instantaneous phase difftu’ence between thfc reference input and the local 
oscillator during the on-period. During the off-^riod the instantaneous phase 
or the frequency of the VCO is controlled by the stored energy in the low-pass 
filter in the loop during the on-period of the input Wave. The governing equation 
of tlie APC loop for the on-period is given by 


“I -i2~.AF(p)sinsJ, ... (2.1) 

and that for off-period Is given by 

... ( 2 . 2 ) 

where 

^d{^) = J ... (2.3) 

and is the sensitivity of the reactance tube; F{p) is the filter transfer-function 
and K is the maximum possible synchronising range in radian per second and 
and e{ti) is given by 

= ... (2.4) 

and is the impulse response of the filter network at time t = t^, 

THE SIMPLE APC CIRCUIT 

The simple APC oirouit consists of a phase detector and a voltage controlled 
oscillator. The goverrang equation of such a simple oirouit is given by 

^ Q — X sin^, 0 ^ * S r ... (3.1) 

at 

and 

... (3.2) 


8 
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where the symbols have their usual significance. It is to be noted that locking 
can only occur when open loop frequency error is less than the maximupi possible 
synchronising range K and the net phase shift between the local oscillator and the 
reference input is zero. Expressed analjrtically 



i.e. / (fl — K Bin 1 ^) dt i ildt — 0 ... (3.3a) 

which on comparison with Eq. (3.1) and on integration yield the following simple 
equation 


—2 tan~^ [ — — tanli K{tQ+nTr) 

I X X 2 

^x(l--n)KT, (3,4) 

where x stands for the locking ratio o jK and n represents the duty cycle of/the 
input interrupted wave and Iq is the constant that determines the initial difference 
of phase between the local oscillation and the reference oscillation. The value 
of Iq can bo found from the fact that at the edge of the band of synchronisation 
it can be assumed with a fair degree of accuracy that the phase difference is very 
approximately equal to 77/2 radians. Therefore, with this assumption one can 
write from Eq. (3,9) 


Therefore, comparing Eq. (3.4) with Eq. (3.5) one can easily show that the looking 
equation is given by 

l+Vlzftanh (nKTrV^:i?i^.) 

^ l+» \ 2 / 


l-tan [( I-?t)a!g rr/2] 
1 +tani(l — n)a!Z2’r/^ 
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In many practical situations the phase-diffoKnee between' the local oscil- 
lator and the reference input is not very largo and 14 this case the linearised version 
of the loop gives a reasonably accurate result. 1*1118 is obtained when sin^ is 
replaced by 7r/2 • ^ which can be done only when f lies within — 7r/2 and +7r/2. 
In such a case the governing equations of the loo^ are given by 

f K<t>, (3.7) 

flPp Tt 

and 

t- = « <3.8) 

Thus the instantaneous value of the phase differenite <p is given hy 0 ^ t ^ T 
,i = <4oexp( -|i:i)-l-|--.«[l-exp( ... (3.9) 


and corresponding equation of look-in can be written as 

['-‘M -I- ''<'^)] ( '‘o- 2 S) - -"■> 

which on simplification yields,, 

l-»p ( -^KT ) 


Q 

K‘ 


(3.10) 


(3.11) 


1-exp (-lifT) +4|(l-«) 
where Wr is tbe repetition rate of interruption measured in radians per second 


THE APO LOOP WITH A L O W-P ASS FILTER 

In this section the behaviour of the automatic phase control circuit incorpo- 
rating a low-pass filter in the loop will be discussed. The operation of this circuit 
is different from the APO circuit without filter. This is because of the fact that 
during the on-period of the input signal, the instantaneous phase or frequency 
of the local oscillator will bo gradually pulled towards that of the reference input 
provided the open loop frequency error is less than the maximum permissible 
value of the looking range. If the open loop frequency error is less than the 
niaximum permissible value of the looking range, the frequency or the instanta- 
taneous phase of the local oscillator will be locked in s 3 naohronism with the refer- 
once input within a very short time compared to the on-period of the incoming 
wave. The control signal, obtained as a result of comparison of the instantaneous 
phases of the local oscillator and reference input is a d*c. potential that manage 
to maintafai the synchronism between th^. This d.o. potential depends on the 
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time constant of the low-pass filter, the duty cycle of the ino<nning signal, open loop 
frequency error and the strengths of the oscillators and the reference input. 

During the off-period the error signal is absent but the d.c. potential, which has 
been stored up in the low pass filter during the on-period, will try to hold the ins- 
tantaneous phase of the local oscillator to the locked value during the off-period. 
However, the phase will drift away firom the looked value and reach a value wihoh 
wiU be governed by the duty cycle as well as by the characteristics of the filter. 
The local oscillator is said to be synchronised if cither of the following conditions 
is satisfied viz., 

(i) the reduction of the phase difference between the local oscillator and 
the reference input during the on-period must compensate thedrift of phase differ- 
onoo between them during the off-period, 

(ii) the phase of the local oscillator should attain a steady value at the end 
of the successive on-period of the input wave. 

In this section an expression for the carrier locking ratio ClfK will be derived 
with respect to two filters one having no limiting high frequency and the other 
a finite high frequency gain. 

FILTEK WITH NO LIMITING HIGH 
FKEQENCY GAIN 

Let US consider the APC loop with the low-pass filter as shown in Fig. 1. 
Assuming that the phase difference lies within — w/2 and +’^/2 one can then with 

2 

a resonable degree of accuracy replace sin ^ by — • <f> and write the governing 
equation of the linearised APC loop as 

where r is the time constant of the filter network. The solution of .which is given 

by 

for -S-wBTt << 1 
ft 

ftnd9J«|.-i-0sin(V|-^^ ... {U) 
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where 


08ind = ^„— 


C 008 6 ■■ 


2 f) 


... (4.4) 


and (j> ^ ^0 i s= 0. 

In this sub-section the equation for lookiltg ratio will be derived. This 
is based upon the utilisation of the linearised ^lutions [vide Eq. (4.2) and Eq. 
(4.3) of Eq. (4.1) and the first condition of sedion 4]. Remembering this one 
can easily show (see Appendix A) that the governing equation of the loop during 
the off-period is given by 




... (4.6) 


-Kr« 1 


•t _ 

\ « (eJ’/--l)+4C'r®^' sin (^^±Kr -^-tan-^ 


+ — sin {tao-^yl3.KT-d ) 1. -|: Kt» 1 

V-JfT ^ ” 

^ n 

The solutions of Eq. (4.6) and Eq. (4.6) are respectively given by 

m - O »-T)+Kr 1+ { (^.-l-D+O.}] 


.. (4.6) 


X (exp (-1) -exp (-^) ) +<f>{T), A Zr« 1 ... (4.7) 

and 

1 ^ 

#) Q (t-T)+ETg -e”' ) +^4(2’), 1 Kt> >1 ... (4.8) 

where f4 »= ^T) at time t — T and g stands for the right-hand side of' Eq. (4.6). 
I^rom thes^ two equations one can easily show that the locking ratios Q fK the 
ABO oir^t with a kfw-pass in the lot^ are gireh by 



216 


B. N. Biswas 


Tr 


Tr 


2KT, 


~e-r J 

1 +e~ " 

T 

p “ T 

/ 

) I-"' 

1 ' 2 

{l-KT). 


T 


for — Kt 1 

7T 

and for the case when SjnKT ^ I 

1- [ ,.o. ( V ^ ) >■ ™ (Vv 


a 

K 


1+ [ ( ^ A'r-1 ) sin ( Kr -cos ( ^l^KrT)] 


(4.9) 


(4.10) 


FILTEK WITir FI^■ITK HI (Ml FKEQKNCY HAIN 
Tn this sub-section carrier locking equation for the APC circuit with a low-pass 
filter with finite high frequency gain will he derived. This is based upon the 
reasonable assumption, although not a very accurate one, that at the end of the 
on-period of the input wave the instantaneous phase-difference <j> attains a steady 
state value. The governing equations of such an APC circuit are given by (see 
Appendix B) 


J . A 

di n l+(l+a;)pr ^ 

# ^ n_ 2 X _ 2 r TT n _ » ^ i 
dt n 14-.T ^ nl IK l+x J 

The solution of Eq. (4.11) can be written for the case when 


... (4.11) 


^-{l+x)Kr>(\^?LxKT)^ as 

IT 7T 


(4.12) 


^ ^ e-“‘ sin (/3t+d) ... (4.13) 

where C and 0 are constants to bo determined from the boundary conditions, 
namely, at time ^ = 0, ^ and at time t = T, ^ = 0, and are given by 


1+— xKt 
n 

2{l+x)r 


/? = 


J~ (l+a:)irT-(l+-£ xKt)> 

'It n 


... ( 4 . 14 ) 


2(1 +a:)r 
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The instantaneous value of the phase difference during the off-period of the signal 
is given by 




n 


2mK 


mkT'] 

e ’r 


-~mkT 

s TT 


-(l-i-!r)T [Q-A mKii>{T) ] exp(|- ). - (4.16) 

i 

where m is the ratio of a.o. to d.c. gain of the filjter network. Comparing (4.13) 
Eq. (4.14) one can write the carrier locking eqiiatfcn as 


2 


n 0 
27n ' K 


f mmT)^ [ 


(l-|-a:)r~ - 


n 


2mK 


mkT 

c ^ 


1 mkT 
e ^ 


(14-»)t [ fi-1 mKm 

L 7T 


exj) 


-i niKTr- 

It 


(l+a;)T 


(4.16) 


Although it is not very difficult to find an expression for the locking ratio (0/if) 
in terms of the system parameters from Eq. (4.16) it is considered reasonable to 
mention the conclusion of the analysis which are evident from Eq. (4.16), viz., 
(i) the locking ratio (o/A") will increase with increasing value of the repetition 
frequency (/), (ii) it {0,\K) will also increase with increasing value of the duty 
cycle (n). 


iSlDK-BANl) LOCKINU— SI MPkE APC C I K C V I T 

In this section locking phenomena in a simple APC circuit with respect to 
sidi'band components of the input signal will be discussed. Following Fraser's 
argument (Freuser, D. W., 1967) it is easy to show that the synchronisation of local 
oscillation with any one of the sideband components is feasible. It seems that 
locking can be achieved with a few of the sideband components around the carrier 
if the incoming signal to noise ratio is not high. This is because of the fact that 
for higher order sideband components locking range will be correspondingly small— 
not only because of the low value of the particular synchronising component of 
the input signal but also due to the effect of the B—C time constant of the self- 
bias circuit of the oscillator (op. cit. 2). Thus for synchronisation with higher 
order sideband components it is logical to expect that the local oscillator due to its 
inherent phase jitter may sometimes step out of synchronism with respect to the 
particular higher order spectral component of the input signal. In view of the 
above fact is preferable to use a tunable high Q circuit to be followed by the APC 
circuit M shown in fig. 2. As the input to the high Q tuned circuit consists of 
a series of pulsed sinusoid so the input to the APC circuit consists of the required 
sideband oompdnent to which the high Q circuit has been tuned plus a few ade* 
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band coraponciita. For practical purposes one can ignore the effect of all the side- 
band components on the locking behaviour of the APC circuit except two adjacent 



Fig. a. Hlork diagnim of an Al’O circuit preceded by a lutiublc high Q circuit. The high V 
circuit has been assumed to be tuned to the first order sideband of the input interrup- 
ted sinusoids f)f on-period seconds and repetition period Tr seconds. 

components around the tuned component. Therefore, care should be taken to 
see that frequency of the local oscillator lies comparatively close to that of the 
wanted component of the input spectrum; otherwise, the local oscillator may 
unnecessarily be pulled towards the unwanted component. In ths section tech- 
niques of sideband locking of an APC circuit preceded by a high Q tuned circuit 
will be discussed. 

Let us suppose that the carrier amplitude in relation to the duty cycle of the 
interrupted wave is chosen in such a way that the locking range due to the carrier 
component is not greater than half the repetition rate of interruption of the input 
wave. Let us consider the case of locking the local oscillator with the help of the 
first order upper sideband component of the input wave. In this case a sort of 
unwanted pulling of the local oscillator as stated elsewhere in the text may occur 
either due to the carrier component or to second order upper sideband component. 
Thus when the frequency of tlie local oscillator lies iji between the carrier compo- 
nent and the first order upper sideband component, tlfe governing equation of the 
loop can be written as 

^ = i2i„-*J:sin5i,„ (6.1) 

and 




... ( 6 . 2 ) 


where jSm and ar® respectively the phase difference of the local oscillatoe of 
instantaneous angular frequency with respect to the first order upper sideband 
comptonent and the carrier component and 
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Again the corresponding loop equation for the case when the frequency of the local 
osticllator li(JS between the first order upper sideband component and the second 
prdor upper sideband component of the input wav^ can be written as 

^ ai„-xK ... (6.4) 


and 

^ (S* 5 ) 

where </>2u is the phase difference of the local oscillator with rSmspect to the 
second order upper sideband component of the input wave and 


J/ 2 U = 




... ( 6 . 6 ) 


Now for the case when the frequency of the local oscillator lies between 
the carrier and the first order upper sideband, in order to avoid pulling by the 
carrier component, it is desirable to satisfy the following conditioons 

< xK, 

^ 2 /cm* ••• (®*^) 


Similarly for the case when the frequency of the local oscillator lies between the 
first order and second order upper ui)per sideband components of the input wave 
it is advisable to choose the loop parameters in such a way as to satisfy the 
following conditions 

xKy 

flau ^ ••• (®*®) 


Therefore, the maximum possible locking range for the first order sideband 
component is given by 







{nTITr) 


(6.9) 


APO CIBCUIT INCOKPORATING A LOW-PASS FILTER 
AND PRECEDED BY A HIGH Q TUNED CIRCUIT 

In this section the effect of incorporating a low-pass filter in the loop on the 
sideband looking behaviour of an APO circuit when it is preceded by a tunable 
high Q circuit will be discussed. Inclusion of the low-pass filter in the loop will, 
9 
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however, introduces the so-culled pull-in phenomenu (Chukraburti, cf dl, 1964). 
The response to transients may no longer be deadbeat even if the initial difference 
frequency lies within the locking range and instaneaneous frequency may drift a 
few beat cycles of continuous decreasing frequency till equillibrium is reached. It 
has boon shown (op. cit.) that in such a case the locking range of the APC circuit 
depends on the average gain of the filter network over the range d.c. to open loop 
frequency difference. Analytical expressions of locking range for different com- 
ponents can be written as 


. / ttT \ 

^ ... (6.1) 

ttT 

Tr 


^(^2n)j ••• (f^*2) 

^Ou^^^Veu ••• (^- 3 ) 

Therefore following the arguments of section 5, can show tliat either of tlu^ 
following conditions is to bo satisfied in order to avoid unnecessary pulling by tlu‘ 
unwanted component 


^ (?(12|^ti) !> ) ••• {6*4) 

^^(^itt) ^ ycu^i^cu) ••• (6*^) 


E X r E K I M E N T A L H E T V P A ]M D K E S U E T S 

In this section we shall describe expi rimental set-up and discuss the experi- 
mental results in relation to the conclusions of the analysis presented in the text. 

Fig. 3 shows the experimental set-u£) for taking measurements on the variation 
of locking range with the duty cycle of the input interrupted wave and for the 



Fig. 3. Experimontal set-up for taking moasurements on the performance of the APC circuit 
with respect to au input interrupted sinu.soids. For sideband looking the switch is 
to be placed at the dotted position. 

side-band locking high Q-tuned circuit is to be used before the oonventinal 
APC loop. The circuit diagram of the high Q-tuned circuit is shown in the 
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Fig. 4. The interrupted wave is obtained by means of an electronic switch. 
As discussed in the text in order to observe fl^ciirately the phenomenon of 



Fig. 4. The circuit diagram of a tunable high Q circuit, tuning can be adjusted by the vari- 
able induotanoe L and the Q value of this tuned circuit can be continuously adjusted 
by the 20K, potentiometer, Tn practice this 20K potentiometer consists of two poten- 
tiometers —one for coarse control and the other for fine adjustment. 

.sideband locking of the voltage controllod oscillator it is necessary that the 
locking range of the VCO for sideband component with respect to half the sepa- 
ration between the sidebands should be small. This, in effect, requires that 
the frequency stability of the local oscillator should be good. For this reason 
a Clapp’s oscillator with a varactor (V 33) for its control of frequency has 
been used for the observation of sideband locking. Otherwise, there is possibi- 
lity that the system may fall out of synchronism with respect to the particular 
.sidtiband component of the input signal. This is because of the fact that 
ilio locking range of the particular sideband component is required to be small 
in order to avoid unnecessary pulling by the neighbouring sideband component. 
Thus the frequency instability of the local oscillator must be small compared to 
th(‘ locking range of the system for the particular sideband component of interest. 
I’hc local oscillator with the varactor (V-33), which is known to have a reasonable 
fr(Hiuericy stability, is shown in Fig. 5. Care should be taken to see that the input 
amplifier feeding the phase detector should have a flat top response. Presence 



5. A typical circuit diagram of a Clapp’s oscillator with the varactor diode V-33 connec- 
ted (with proper bias voltage) across the 16 pF capacitor for controlling the instan- 
taneous frequency of the oscillator by means of a d.o. voltage to be applied in between 
the. input terminals^ 
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of dip anywhere in the characteristics may give rise to suprious effects (Biswas, 
1904). 

Fig. 0. shows the variation of the locking range with the ratio of the on-period 
to tlie off-period for two different carrier levels. From this curve one can conelude 


Fig. «. 



nmpliintil repro.iOUtatioii of ilio variat.i<Jii of ilio locking rango of iho AP(" oirctiii with 
()N-()PF ratio of iho input interruptod wavo having carrier levels and Ag and a 
rcpoMtioii rate of 100 c/s. A^ is groator than A^. The filter network of flie APF 
loop is inset in the figure. 


that the locking range of the jfhase locked oseillaior with an interruptod wave 
input approaches to that of the phase locked oscillator with a CW input. Pig. 7 



0 60 100 160 200 
Freq. of mUufr 

Fig. 7. Graphical roprosontation of the dependence of the Locking Range of the APC circuit 
on the variation of the Frequency of interruption of the input wave for two different 
values of the on-off ratios of the input wave. The filter network is inset in the 

diagram. 


gives a graphical representation of the variation of the locking range with re- 
petition rate of the input wave for two different values of the duty cycle of the input. 
It is to be noted that these results are in good agreement with the conclusions of 
the analysis of section 4.2. The experimental results regarding the sideband 
locking of the phase locked osoill^^tor is shown in the following Table !♦ 



Interrupted Wave Synchronisation 


223 


TABLE I 

Centre frequency of the reference input 410 Kc/s; on/off ratio of the input 

wave IB unity 


Dotiining of iho 
reference input 

Observed repetition 
frequency for locking 

Inference from the observation for 
sideband locking experiment for 
different values of the carrier levels 

:\ 1000 cyclos/second 
i 750 oyoles/sooond 

Nearly 1000 cycles/sec. 
Nearly 750 cyclos/soc. 

The Rideliand locking experiment has 
boeft rej)nated for diherent carrier levels 
andrit has been found that lower carrier 
levals give better results on the observa- 
tiorl of sideband locking. 


CONO LESIONS 

The phenomenon of locking of an APC circuit with an interrupted wavehavc 
been discussed fully. Locking range equation (vide Eq. 3.11, Eq. 4.10 and Eq. 
4.10) have been derivc'd. These equations an' simple as such 8im])le analytical 
or graphical solutions are possible. Experimental results presented in this paper 
give an useful information regarding the variation of locking range of the VCO 
with the duty cycle of the input wave and th(' phenomenon of sideband locking 
technique of the APC circuit when it is preceded by a high Q tuned circuit. Ex- 
perimental results are in good agreement with the simplified analysis presented 
in text. It has been found that the synchronisation of the local oscillator with 
any of the sideband components of the input wave becomes easier when it is 
preceded by a high Q tuned circuit. 
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APPENDIX 


A. Tkrimtion of thf Looj) Kquaiion of the AFC circml with a Low Pasn Filler with 
No Limiting High Freqiieneg gain during the off-period of the Inp'vd, Wave 

On eotnj)ori.son of Eq. (2.3) with Eq. )(2.4) one can write for the output of 
th(‘ low j)ass nit(‘r witli no finite hi^h froquc‘ncy gain at the end of the on-period 
of <lu‘ in])ut wave as 


T “ 

J ... (A.l) 

nr 0 

Comparing Etj, (A.l) with E(]. (4.2) and E(|. (4.3) one ean show that can be Avritten 
as 


vS) ^ 



il T 
ii r 




i'ov ^ Kr < < J 

7T 

and 


(A.2) 



Substitution of e (/) from (A.2) and A.3) in Eq. (2.2) yields the loop equation for 
the off-period of the input signal for the APC circuit with the low-pass filter. 

B. Derivation of the Governing Equation of the Loop during/ the off -period of the 
Input wave for the Filter with finite high Frequency Gain 

Let us consider the low pass filter with limiting high frequency gain as shown 
in Jig. In this way it can be shown that the impulse response of the network 
is given by 
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whore S{f) is the Dirac’s delta function. Tliercforc the output of the filter at tlio 
cud of the on-period of the filter network is given hy 

IT* ' ' - irUr/' - 

where is a constant to be found frroiu thef boundary condition. Therefore 
the governing equation of the loop during tho off-period is giv<‘u by 

f 1 (-(i+V)x)’ - 

whore is a constant to bo determined from the boundary condition at time l = T, 
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CHERENKOV RADIATION BY LINE CHARGE 

R. M. KHAN 

City ('ollege, Calcutta. 

{Received August 23, 1966) 

Pr oblems of Oheroiikov radiation of various aspects have bccm investigated 
in many papers. These are mainly concerned with the motion of a point oharge 
or a beam of elect rons. This paper deals with the case in which radiation is produced 
by a line chargci rather than a point charge or a beam of electrons. The line charge 
consists of a continuous line density a moving with a constant velocity v perpendi- 
cular to the lin(' within a dielectric medium. The medium is assumed to be a 
perfe(^t diehn irlc and thv. absorption of radiation, dispersion and scattering are 
ignored. Th(' medium is unbounded, so the sweeping plane is infinite. 

Let the lim* charge parallel to axis and moving along the y axis. MaxwclPs 
ecpiatioiis for variable's hJ and II after expanding in Fourier series (c.g.) 

t 

E = / f/to, ...) are 

— 00 


rot H. 






47r 


Iw 


rot H„ 

c 

(liv Eu! p 


diy = 0, 


( 1 ) 
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whore n is the refractive index of the medium at the frequency w, c is the velocity 
of light, 3 is the' current density and p is the density of free charges. 

Introducing vector and scalar potentials A and <}> we have 


= -~3. ' 


with the conditions 


= rot A„ 




a - ■‘^w 

c 


c 


... ( 2 ) 


.. (.3) 


Hero jx = 0 = and Jy = ccvS(x)S(y—vt) 

■■■ .y«>) = 2^ 

From symmetry the motion is independent of z. 

"Faking = 0 = - 4 ^ and Ay = u{x) e ^ 

We obtain from (2) 


... (4) 

... ( 6 ) 

... ( 6 ) 


where 1), fi =s JL. 


If s® < 0 the equation (6) does not contribute any wave solution. If a* > 0, 
i.e. the velocity of the line charge is greater than the phase velocity of light in 
the medium, then 

u — Be-*** when » > 0 


and « = B'e*** when * < 0 

where B and B' are constants. 

Considering the singularity at x — 0, 


... (7) 


... ( 8 ) 


10 
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.4y(w) == 


_ e e when a; > 0. 
cs 


In this case 


H,(w) 


2cx. -—y+ictfC 

— e V 
c 


E,(w) - 


2(X -isz-i 

— r ^ ^ 

vrr 






2ctS —itx—i -^u+ivit 

g V 

wn^ 


j 


ReH, = 


4a 

J cos X 

C 0 


so u 

BeEy = —4a f cos y dw 
" 0 tw* 




where ;^ = 

when X < 0, 


^*(o>) = 


2a 


w* — i - 
€ ® 


C 


^«(“) = 


2a <**-»— K+iui 
— e ^ 

vn^ 


Ep(<fi) = 


206 ’ 


iex — i iwi 

e ^ 


CONCLUSION 

(i) Equation (9) and (11) reveal that outgoing plane waves are propagating 
when 6 > 0. At a particular frequency planes are parallel to sa?-}- ^ y ssO 
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(ii) Radiation is confined between two jfianes perpendicular to the above 
planes similar to cone as in the case of a point charge. The angle between the 

planes of radiation is 2 cos“^ ~ which is identi^l with the Cherenkov relation. 

(iii) Cherenkov radiation per unit time i^ 


dw 

di 


00 


= 2j 



VO 

I (ReHg . BiEy)dy 

-00 •' 


= Sa® 



0^2 

'I’lms per unit of frequency interval the amount of radiation is -.5 1 . 

1 1 Ir interesting to note that the whole of the frequency dependence is via n. 

ACKNOWLEDGMENT 

1 thank Dr. T. C. Roy, Jadavpur University, for encouragement in the 
j)iej)aration of this paper. 



4 


STUPY OF HYDROGEN BONDING IN 2,4- AND 3,5-XYLENOL 

S. B. BANERJEE and D. K. MUKHERJEE 

Optics Department, 

Indian Association fob the Cultivation of Science, 

Calcutta- 32 . 

(Received February 6 , 1967 ) 

Intermolocular hydrogen bonding exhibited by xylenols in different solvents 
was studied by infrared spectroscopy in the 700-1600 cm“^ region by Neuilly (1964) 
and by ii.m.r. spectroscopy by Yamaguchi (1961), who noted that xylenols with 
one or more methyl group in the ortho position with respect to the OH group 
sliow weaker intermolecular hydrogen bonding than other xylenols. The dif- 
ference in properties of xylenols was also commented on by Soars and Kitchen 
(1949), Buckingham (1960), Schaefer and Schneider (1960) and Bono (1966). 
The infrared absorption spectra of xylenols in different solutions in the fundamental 
OH frequency region were not apparently reported by any previous worker and 
an investigation was undertaken to record and compare the positions of OH 
stretching vibrational bands of xylenols in different environments in order to 
find out any evidence of difference in the hydrogen bonding behaviour of these 
compounds. In the present note preliminary results obtained in the case of 2, 4- 
and 3, 5-xylenol have been reported. 

The spectra v\"er(^ measured with a Perkin Elmer Model 21 Spectrophotometer 
witli rock salt optics and calibration of spectra was made by recording the 3741 
cm ^ absorption band ol atmospheric water A^apour. The xylenols and the sol- 
vents used wore carefully purified and dehydrated. The accuracy of measurement 
in the position of the bands is ±5 cm-i. 

The wave numbers of the OH vibrational bands due to 2, 4- and 3, 6-xylenol 
in the pure state and in different solvents are given in Table I. The infrared 
spectra of dilute solutions of 3, 6- and 2, 4.xylenol in CCI 4 show the free OH 
vibrational bands at 3622 and 3623 cm~^ respectively. In solution in benzene 
the band maximum shifts by about 57 cm-i in the case of 3. 6-xylenol and 
about 46 cm ^ in the case of 2, 4-xylcnol towards lower frequencies. This seems 
to indicate that in these cases some weak but definite intermolecular association 
takes place between molecules of xylenols and benzene, which is a 7 r-electron 
donor, through the OH group and the 7r-electron. 

In solutions in dioxane, ether and nitrobenzene, 3, 6-xylenol shows intermole- 
cular hydrogen bonding of different strengths wdth proton acceptor groups in 
the solvents through the OH group, as is evident from the shift of the OH band 
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from 3622 cm“^ in CCI4 solution to 3340, 3345 and 3495 cm“^ respectively. 
Similar intermolecular hydrogen bonding is also eidiibited by 2, 4-xylenol in which 
case the OH band shifts from 3623 cm-^ in CCI4 solution to 3370, 3370 and 3618 
cm"^ in solutions in dioxano, ether and nitrobeneone, respectively. The shifts 
in the OH vibrational band of 3, 6-xylcnol in diffe^^nt solvents with respect to its 

TABLE I ^ 

Position of OH vibrational bipid in cm"^ 




— 

Solution in \ 



Pure 

carbon 

tetni 

chloride 

chloroform 

dioxano 

oihci^ 

nitro 

benzene 

bi»nzeno 








2. .(-.Xylondl 3623 

3613 

3370 

3370 

3518 

3578 

3418 

3, .-.-Xylenol 3622 

3611 

3340 

3345 

3405 

3565 

3330* 



♦solid 






])osition in the CCi 4 solution arc thus larger than those observed in the case of 
2, 4-xyIonol. This may bo duo to the fact that in the latter molecule the CH, 
group which is in 2-position sterically hinders the OH group and affects the hydrogen 
bonding situation as suggested by Yamaguchi (1961) from n.m.r. studies. The 
corresponding shifts of the OH band in the cases of crystals of 3, 6-xylenol 
and the liquid film of 2, 4-xylenol indicate formation of intermolecular hydrogen 
bond in those states of aggregation also. The comparatively large shift in the 
case of 3, 6-xylenol in the solid state probably indicates presence of polymeric 
groups of intermolecularly associated molecules formed through OH...O bonds. 

Further detailed study with these and other xylenols is in progress. 

The authors are grateful to Professor S. C. Sirkar, D.Sc., F.N.I. for helpful 
discussions and to Professor G. S. Kastha, D.Sc., for kindly providing laboratory 
facilities. One of the authors (S.B.B.) acknowledges financial support by the 
O.S.I.R, (India) as a Pool Officer. 
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BOOK REVIEWS 

FUNDAMENTALS OF MECHANICS— by Rais Ahmed, pp-236. price Re. 16/- Asia Publish- 
iiig Huuso. 

Tlie small book on mechanics meant for Higher Secondary or Pre-University classes of 
the Indian Universities is written in usual American style, but thoroughly Indianized for the 
bettor understanding of Indian students. The English is indeed very simple, and conversa- 
tional justifying the authors claims. But the introduction to units is too verbose considering 
the sizo of tile book scarcely any justice has been done to fundamental instruments of measure- 
mont. The point on the accuracies of tho instruments, which beginners quite often miss, 
has not been well made. The picture of sliding vernier calipers has been simply titled **Tho 
vernier’*, the micrometer screwgaugo as simply “Tho micrometer” Thus many of tho picture 
titles are insullicient and inaccurate and likely to be confusing e.^f. fig, 3.1 “Approximate mo- 
tion of a table” in tho class room”. That is meant perhaps is the motion relative to a fixed 
coordinate syst em in space. Fig. 3.2 “ Motion of rigid body. All particles move the same dis- 
tance with the same velocity”. Obviously, again, a translational motion is me^ant. Such 
imporfoot ideas as tho titles indicate, inculcated in the tender minds may be dangerous for tho 
future, mental get up as a physicist. Moreover, tho “conversational approaclv” of the author 
has allowed a number of serious inexactness in definition and loose talk creep in on pp. 16, 17, 
22, e.g, <lefinitions of motion, speed velocity etc., “direction of angular speed” etc. On wonders 
on reading tlie statement (page 139) : “raw material + energy == finished product”, whether 
raw material — energy will bo — unfinished product ’. 

The book bristles with such queer statements and one cannot recommend the book to 
the students. 

A, Bose 

CRYOPIIYSIOS -by K. Mendelssohn, Pp. 183 price cloth : $ 4.60, paper $ 2.60 Intorscionco 

Publishers Inc. 

The author a veteran in the field of cryophysics is essentially a physicist and his aim in 
this small book is to raise before the rea<lerfl a clear physical picture of the outstanding pheno- 
mena occurring at Low temperatures which have shock the foundations of Solid State Physics, 
laid down those very foundations. Timo and again we come across in his writing, a now angle 
of observation, and a simple way of putting a complex phenomenon before the reader and 
what can bo more apt than the very opening lines of the Introduction pointing to the crux 
of cryophysics. 

Tho small section on cryogonice is nevertheless a compendium of all major and most modern 
cryogenic deircos and informations. One may not, however, agree with the statement that 
J-T method is gonorally used for liquefaction of because of the fear of explosion hazard ; 
since all tho ha^sard is already present in compressing H and otherwise handling it, whichever 
method is adopted. A mention of spin lattice relaxation phenomenon would have been appro- 
priate in connection with the magnetic cooling method. 

In the chapter on thermometry, the paragraph on direct calibration of T* against, would 
be better placed later, Le, afler a more basic method of comparing the magnetic scale to the 
thermodynamic scale has been discussed. 

On page 62, it may suit for some purposes to speak that “In many cases 66peciS.l}y in mag 
notically dilute salts Curie’s Lae has been foimd valid over a wide temperature range*** 
one actually finds that 0urie*s Law is an ideal case more observed in its breach than validity* 
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Apart from exahango interaction such deviations may arise from ligand field splittings of the 
groimd level and is often present. 

It is indeed at the extreme low temperature* where saturation effect is prominent that 
tlie deviation from Curie Law is also prominent, thus conj|»licating the issue. 

However, since the sp. heat anomalies correspondij^ to ligand field effects are usually 
of the Schottky type and tho book is too small for nicoti^s the author is justified in making 
certain approximations in his statements. 

t 

It is often sufiloient to discuss the thermal variatiola of properties of the limiting cases 
of a theory e.g. the magnetic susceptibility, sp. heat, thermal conditivity etc. This may how- 
ever sometimes prove to limited particularly when the fcteraction are often dependent on 
temperature and on impurities or lattice defects. What ^ppens in the intervening regions 
is then much more interesting than the limiting ranges. ‘ 

The chapters on superconductivity and Helium Problim contain a wealth of information 
oil these twi> baffling problems in cryophysics. This snii^l book has no doubt made a very 
usefully place for itself in all Physics Libraries. 

A> Boat 

HANDBOOK OF VACUUM PHYSICS Edited by A. H. Beck. Vol. 1 . Gasses tmd Vacua; parts 

1-3— 'Pp. 208, price 40s net. Porgammon Press. 

This is not a hand book in the German sense, but is a handy book of reference for vaccum 
toclijuicians. It does not deal with the fundamental theories or descriptions of vtumum proces* 
aos and gives only the barest mention of some of those and is therefore not mount for a bogixi- 
aor or oven a half backed research worker referring to vacuum technology as a side lino. On 
tho other hand it discusses in quite details working formulae for vacuum pumps and allied set 
ups, and gives a wealth of technical data for different commercially available pumps and 
vacuum materials. 

The working formulae for vacuum pumps and vacuum systems including systematic 
leak detection programmes will be of considerable help to vacuum technologists, but for re» 
search laboratories facing daily problems in maitaining high vacua on moderate scale. 1 
would still prefer some book giving lots of practical bints in vacuum practice, and including 
good details of a number of modernised vcunium pumps circuits, gadgets, leak detectors etc. 

The book contains three longish articles by specialists on (1) Vacuum technology as applied 
to continuously pumped system (2) Properties of high vacuum pumps and design of vacuum 
pumping systems and (3) Leak detection and detectors. 

The section on ion-pumps, goiter pumps sorption-pumps and oryo -pumps is interesting, 
but again exasoeratingly lacks in details. Several technical terms used in the book with hardly 
any explcmation of the meaning* The author evidently assumes that all the readers have 
the neoessai^ technological knowledge. 


table OP SINES AKD COSINES TO TEN DECIMAL PLACES AT THOUSANDTHS 
OF A DEGREE — By H. E. Baker and N. Levini> Pergamon Press, 1962, Price |l 10. 

This good sized volume may be considered as a standard table of references for sines and 
cosines and represents the results of an enoxmotas amount of patient, laborious and accurate 
computation. Those of us, who are accustomed to using trigonometrical tables upto four 
five significant figures at no mote than I minute interval will hardly want to touch this 
volume with a pair of tongs. But to a large number of oomputationisti in the field of 
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space twhtiology not too speak of astronomy, geodosy etc. the book will prove to bo invalu- 
able, mii'o it strikes a gold on moan and fills up a gap in the existing standard tables which 
either go to tt)o many decimal places without tho necessary accuracy in interpolation or go 
to too few decimal places with too groat fractional interpolation. Through other trigono- 
metrical rations could not bo included in the book this is obviously not a fundamental need. 
Together with the explicit ijistnictions for interpolations, direct and inverse, illustrated by 
examples, the book is sure to bo of tho utmost use to mathematicians, physicists and techni 
cions alike in the field intended. 


A. Bose 

THEORY OF ELASTICITY — By M. Filonenko - Borodich p.p. 387 Price $ 6/- TranslateiJ 

from Russian by M. Kohayeva. Foreign Languages Publishing House, Moscow. 

Theory of elasticity has developed on a more or loss purely mathematical basis from tho 
time of its inception in 1 7th century and has become one of the most important of classical 
physico-mathomatical formalising, importance of elasticity in technological problems no 
doubt tended to develop it as a moans of routine investigation of tlie elastic properties of (ions- 
tructional materials. But the attempts to correlate between bulk elasticity and molecular 
binding forces have been rather inconspicuous. The recognition of anisotropy in crystallijio 
materials though further complicating the problem of elastic bodies, has done much to improve 
the liaison between theories of macroscopic and microscopic elastic forces in the solid state. 
However, the microscopic theory ')f elasticity, closely linked t-o tho theory of thermal vibra- 
tions in solids, is the matter of disfaission of a different nature and is not contemplated in thi> 
present book. The contents of the presemt book deals entirely with tlie classical theory ol' 
elasticity of solids, but deals wit h it in a very able and concise manner, explaining with sufii- 
cient working examples, cacii of tho different mothcxls and theorems employed in the sequence 
of development of the subject. It is of a necessity not as analytical or elaborate as Love’s 
classical book, but takes many short cuts in the formalisms and assuming a sufficient knowledge 
of vectors and tensors in tho reader. As such the book may be somewhat difficult for tho 
honours class students to take in their first reading. Once over the initial hurdles of intro- 
duction into the subject ix, for more advanced readers the book should prove to be very useful. 


A. Bose 
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MODIFIED VARSHNI-SHUKLA POTENTIAL FUNCTION 
FOR DIATOMIC ALKALI HALIDE MOLECULES 
M. M. PATEL V. B. GOHEL* M. D. TRIVEDI* 

Physios Dei'artmjent, M. 8. U^fitEusiTY Bahoda 
(Eecetved July 9, 1906), 

ABSTRACT. The values of the rotational ccmstants (Xet vibrational constants 
and (de^e <^i^d dissociation energies have been calculated for eighteen diatomic alkali halide 
molecules by using modified form of the Varshni and Shukla p )tential function. The 
calculated values are in good agreement with the experimental values and the potential 
function is compared with t he previously suggested potential function. 

Different potential energy functions have been proposed for alkali halide 
diatomic molecules assuming the molecule to be constituted of ions. For earlier 
developments reference may be made to Rittner (1951) and Varshni (1957). 

Rittner (1951) has presented a theory of alkali halide molecules in the spirit 
of the Born-Mayer lattice theory Varshni and Shukla (1961) have comi)ared the 
following three functions : 

(7 zr:: — -f (Bom-Mayer) ... (1) 

u=- ( y ) (Rittner) ... (2) 

U = — .iL+P oxp(— (Varshni— Shukla) ... (3) 

V 

B.a, A, p, P and k are the constants and a, the polarizability values of the 
ions. 

By a comparative study of these functions Varshni and Shukla (1961) con* 
eluded that potential function (3) is superior to potential function (1) but slightly 
inferior to x>otential function (2). 

However from the study of the calculated values of a„ the rotational constant, 
and wpcg, the vibrational const., we have found that it is possible to account for 
and more satisfactorily, if we modify the Varshni and Shukla (1961) poten* 
tial function. The modified form of the function is : 

- ®-!+Pexp(-Jfcr»/*) ... (4) 

r 

♦Shbth M. N. Soibnob; Oolleqs Patna. 
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The constants P and k can be determined by using the following conditions : 



where is the force constant and is the equilibrium internuclcar distance. 
The calculations for a* and and Df the dissociation energies have been 
made. The method of calculating oc, and has been explained by Varshni 
(1967-69). The relevant equations arc : 



where If = 2.1078 X 

X = U'"(u)IU"{:re) and Y - U^^{u)IU\r,). 
and Di = 

The experimental data are the same as those used by Varshni and Shukla 
(1961). 

The values of ol^ and and 1)^ calculated by using the function (4) have 
been presented in tables 1,11, and 111. oce and and values calculated by 
Varshni and Shukla (1961) from potential functions (2) and (3) have also been in- 
cluded in tables i, II, and III for oomparision. 

CONCLUSION 

Xg : table (I) shows that a considerable improvement is obtained over the 
values calculated by using Varshni and Shukla potential function. In certain 
cases e.g. LiBr, NaCl, NaBr, Nal, KI etc., the values are rather better than the 
values calculated from Bittner’s function. In some cases, the values are as good 
as those obtained from Bittners function. 

However the proposed function is slightly inferior to Bittner^s function in 
certain cases such as, BbCl, BbBr, etc. It is interesting to note that the proposed 
function fails miserably in the case of flourides. Excluding fluorides the percen- 
tage error is less than the Bittner’s function. 
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TABLE I 

The rotational constants 


Molocule 

Ot.xl0‘ 

a^xlO* 

Calc. 

% error 

LiF 

obs. oni“i 

(a) 

197.1 

Pot (2) 

145.3 

-26.3 

LiBr 

(b) 

66.41 

50.41 

-10.6 

LiT 

(b) 

40.90 

37.0 

- 8.1 

NatJl 

(b) 

16.1 

14.9 

- 7.5 

NeiBr 

(b) 

9.4 

11.0 

+ 17.0 

Nal 

(b) 

6.6 

7.67 

+ 18.0 

KF 

(c) 

23.35 

19.01 

-14.7 

K.C1 

(b) 

7.90 

7.70 

-2.5 

K;Br 

(b) 

4.0.5 

3.87 

- 4.4 

la 

(b) 

2.70 

2.51 

- 7.0 

HbF 

(d) 

16.18 

14.40 

- 4.5 

RbCl 

(b) 

4.60 

4.43 

- 1.8 

RbBr 

(b) 

1 .86 

1.83 

- 1.6 

Rbl 

(b) 

1.10 

1.04 

- 5.5 

CsF 

(b) 

11.00 

12.49 

-hl3.5 

OsCl 

(b) 

3.. 30 

3.38 

+ 2.4 

OsBr 

(b) 

1.20 

1.19 

- 0.8 

Csl 

(b) 

0.68 

0.75 

+ 10.3 

Average %eiror excluding 

flourides 7.0% 

(0) Vidale (I960) ; (6) Honig etat. (1964) I (c 


«<; X lO* 

Calcc 
Pot (1) 

% error 

o^x 10* 
Calc. 

Pot (4) 

% error 

100.7 

-48.0 

85.35 


47,63 

-15.0 

57.33 

+ 1.6 

37.06 

- 9.4 

44.04 

>1- 7.7 

13.81 

-14.2 

16.04 

- 0.4 

8.45 

-10. 1 

9.727 

+ 3.5 

6.10 

- 6.2 

7.003 

7.7 

16.54 

-20.2 

2.015 

— 

7.37 

- 6.7 

8.330 

+ 5.4 

3.67 

- 0.4 

4.185 

+ 3.2 

2.37 

-12.2 

2.731 

f 1.1 

13.61 

-10.5 

22.95 

— 

4.29 

- 4.7 

4.8.33 

+ 7.3 

1.80 

- 3.2 

2.033 

+ 9.1 

1.00 

- 0.1 

1.145 

+ 3.0 

12.96 

+ 17.8 

14.34 

— 

3.41 

f 3.3 

3.802 

4 15.16 

1.17 

- 2.5 

1.274 

+ 6.2 

0.72 

+ 5.9 

0.8085 

+ 17.65 


8% 


6 4% 


Green et al (1068) ! {d) Le^ et al. (1068), 
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TABLE II 

The vibrational constants 


Molecules 

eat. 

Cm“L 

Calc. 
Pot. (2) 
cm"”i 

Calc. 
Pot. (3) 
om“^ 

Calc. 

Pot. (4) 
cm*' 

LiF 

7.9(a) 

6.896 

6.62 

4.826 

LiBr 

4.28(b) 

3.66 

4.12 

4.373 

LiT 

3.36(b) 

2.997 

3.49 

3.694 

NaCl 

2.06(b) 

1.76 

1.89 

— 

NaBr 

1 .50(b) 

1.64 

1.39 

1.464 

Nal 

1 .08(b) 

1.26 

I.IO 

1.163 

KF 

1.46(c) 

1.99 

1,96 

2.076 

KCl 

1 .30(b) 

1.21 

1.32 

1 .41 

KBr 

0.80(b) 

0.727 

0.792 

0.8341 

KI 

— 

0.607 

0.663 

0.6865 

RbF 

1.3(c) 

1.96 

2.09 

18.4 

RbCl 

0.92(b) 

0.83 

0.916 

1.08 

RbBr 

— 

0.465 

0.620 

0.6612 

Rbl 

— 

0.292 

0.323 

0.7149 

CaF 

1 .23(c) 

1,07 

2.31 

2.39 

CsOlJl 

0.76(b) 

0.722 

0.824 

0.8664 

CaBr 


0.335 

0.374 

0.373 

Csl 

— 

0.208 

0.229 

0.249 


(a) Vidale {I960) ; (6) Klemperer (1967), Rice (1967) ! (c) Barrow et, al. (1953). 

: In table II, except for LiF, the reported values are estimated ones 
and it is not possible to draw any conclusions regarding the errors of the calculated 
results from the potential functions considered. Hence we have not given the 
percentage errors. 

The values of calculated with potential function (4), are nearer to the 
estimated values than those calculated by using Bittner’s and Varshni-Shukla’s 
functions in many cases, 
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TABLE m 

The dissociation energies 


A A 

Mole cules obsorved* Pot (2) 
Kcal/mole Kcal/mole 

% error 

D, 

Calc, from 
Pot (I) 
Koal/nple 

% error 

Dt 

Calc, from 
Pot (4) 
Koal/naol© 

% error 

LiF 

177.8 

186.8 

4.6 

184.1} 

3.6 

174.8 

1.7 

LiBr 

142.1 

142.1 

0.4 

1.82. f 

7.0 

133.9 

6.2 

Lil 

130.7 

130.6 

0.1 

123.01 

5.9 

122.0 

6.7 

NaCI 

127.9 

130.0 

1 .6 

126.6 

1 .9 

124.6 

2.6 

NaBr 

124.4 

127.7 

2.7 

118.8 

4.5 

117.9 

6.2 

Nal 

114.5 

118.9 

3.8 

109.8 

4.1 

109.0 

4.8 

KF 

131.6 

136.6 

3.7 

134.7 

2.4 

133.4 

1 .4 

KCi 

133.3 

116.2 

2.6 

112.2 

1 .0 

111 .5 

1.6 

KBr 

109.1 

109.6 

0.4 

105.8 

3.0 

105.1 

3.7 

KI 

101 .9 

101.1 

0.8 

97.6 

4.3 

96.97 

6.0 

KbF 

135.8 

136.7 

O.l 

131 .8 

2.9 

141.7 

4.3 

BbCl 

111.1 

111.4 

0.3 

107.5 

3.2 

106.9 

3.8 

RbBr 

106.7 

106.0 

0.7 

102.0 

4.4 

101 .5 

4.8 

Hbl 

98.7 

97.6 

1.1 

94.0 

4.8 

93.3 

6.5 

CsF 

133.3 

136.4 

1 .6 

128.9 

3.3 

128.2 

3.8 

CsCl 

107.6 

108.1 

0.6 

103.6 

3.7 

103.0 

4.3 

CsBr 

103.2 

101 .3 

1.8 

97.6 

6.5 

97.2 

6.8 

OsT 

93.2 

88.3 

6.3 

85.4 

8.4 

84.9 

8.9 

Average 

% Error 


1.8 


4.1 


4.6 


♦Gaydon (1953). 


T>i : It is found from table III that % error in D* values calculated by using 
pot. (4) is slightly greater than those calculated by using Bittner’s and Varshni 
Shukla’s potential function. 

However, it should bo noted that most of the experimental values are un- 
certain by above ±4 ^ cal/mole, which corresponds to 3% hence no strict con- 
clussion can be drawn about the relative performances. 

To summarize, we may say that the results of and obtained with 
potential function (4) are superior to potential fimotions. (2) and (3). 
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From the discussion for the repulsive term by Varshni-Shukla (1961) we 
retain tlio conclusion drawn by them that the exponential term in Fn. (4) repre- 
sents the combined effect of polarization and Van der Waal forces. 
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ABSTRACT. The spin-lattico nuclear magnetic relaxat.iuiiH tiavn been measured iV>r 
stable (a) and meta-stable {y) Hydroquinonos or Quinols. The studios wore carried out as 
a function of temperature from 94°K to 360*’K at the radio frequency of 25 Mc/soc. The 
N.M.K. relaxations sliow the molecular rotation with the rise of temperature in both the cases. 
The activation energies and molecular reorientation frequencies have also boon calculated. 

I N T K O D r 0 T I O N 

The present work is an attempt to extend the work of Gupta (1963) on 
motion of a-Hydroquinone and y-Hydroquinonc molecules. His results of 
a- Hydroquinono for lino- widths vs. temperature show first transition at about 
lUrK and second transition at about 388°K, with the specific heat anomaly 
which occurs at 326'’K. In the case of y-Hydroquinone first transition is found 
at about 365°K and second transition at about 375°K, with the heat anomalies 
occurring at temperatures 230°K and 336°K. These transitions are interpreted 
by him as being a reorientation of molecule about the molecular axis. The 
interchange of energy between nuclei and lattice may also be studied by means 
of spin-lattice relaxation time. The present N.M.R. relaxation measurements 
have been made on a-Hydroquinone and y-Hydroquinone in an attempt to obtain 
more detailed informations concerning the nature of molecular motions. 

EXPERIMENTAL ARRANGEMENT 

The magnetic relaxations of solid a-Hydroquinone and y-Hydroquinone have 
been measured at 25 Mc/seo using a proton resonance spectrometer in a field of 
about 6998 gauss. The records of Ti have been recorded by one of us in 
University College of North Wales, Bangor, U. K. The records of Ti at room 
temperature have been shown in fig. (1) and fig. (2). 

THEORY 

Bloembergen et d (1948) derived an expression for Ti in terms of a correlation 
time r«, whioh sets a time scale to the random motion. i can be roughly defined 
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as tho time taken by a molecule to turn through a radian or to move through 
a distance comparable with its dimensions. 



Tiino in Seconds — > 

Fig. (I) Signal de.uiy (‘iifvo of for a-Hydr.jquinone at rottin temperature. 



jyig. (2) Signal decay cui-vo of 'J\ for Y'Hydroquinono at room temperature. 


The expression has been slightly modified by Kubo and Tomita (1964) and 
obtained : 


I 

Tt 







4rc ■) 

/+4a.oV J 


where Wj = 27rvo and is a constant. 

Thus Tj decreases as tho value of increases, it reaches minimum when reori- 
entation frequency and radio frequency become roughly equal, beyond which 
Tj rises with temperature, such behaviour has in fact been found for three isotopic 
species of benzene by Andrew and Eades (1963b). With the help of above equation. 
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the values of Ti at various temperatures can be converted in terms of Tj. The 
plot of log Te VS IJT yields a straight line and its slope will give the activation 
energy Er. This procedure is the only approach when the plot of against IjT 
gives no minimum value of duo to the intervention of solid-solid phase transi- 
tion as in the case of Cyclohexane (Andrew and Eados, 1953a). 

METHOD FOR MEASUREMENT OF T, 

In the present work for the measurements of relaxation times Linder’s (1957) 
decay technique has been adopted. Measuren^ent by this method is possible 
when Ti is long compared to the constant of the rowrding apparatus. The principle 
of the method is that when spin system is saturated by the application of the radio- 
frequency amplitude such that is much greater than unity, the ob- 

served intensity falls until the signal vanishes completely. The radio-frequency 
field is lowered to the unsaturated value of nuclear system and rogroAvth of signal 
is recorded. The growth is exponential and governed by the formula ; 

£f(t) = 5„(i-exp(-^J) 

where S{t) and Sq are the intensities of signals in saturated and unsaturated states. 
The slope of the curve against time (t) gives relaxation time Tj. 

A T I V A T I 0 N E N E K 0 Y AND R O T A T I O N A L-F K E Q U E N C Y 

Gutowsky and Pake (1950) and Kubo and Tomita (1954) modified the theory 
of Bloembergen et cd and modified expression is given as : 

277Ve = [ tan {7r((S//2-J?2)/2(G2_jg2)}]-i 

where is the correlation frequency for motion narrowing the line, G is the line- 
width at temperature below the transition region, SH is the linewidth in the 
Transition region, B is the line width at higher temperature, 7 is the gyromagnetic 
ratio and a is (aln2)’”^ and its value is (8x 0.6931 )~^. can be replaced 

by {C^) if B^ is too small as compared to The correlation frequency is 
assumed to obey Arrhenius equation : 


where Er is the activation energy and R is the gas constant/mole. 

In the case of a-Hydroquinone the value of C is 09.63 gauss and value of B 
is 0.31 gauss. In y-Hydroquinono the value of C and B are 8.40 gauss and 0.40 
gauss respectively. These values have been calculated with experimental line- 
width vs temperature curve obtained by Gupta (1963). 

2 
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The molecular reorientation frequencies for a Hydroquinne have been shown 
in Tabic II and for y-Hydroquinono in Table III. The plot of log Ve va IjT 
yields a straight lino and its slope will give activation energy Er for molecular 
rotation. 

KESULTS 

The spin-lattice relaxation times measured by signal decay method for a- 
Hydroquinone and y-Hydroquinone are quoted in Table I. 

TABLE! 

Spin-lattice relaxation times of stable and m-stablo Hydroquinone 


Tempe^raturo 

Btablo 

m-stable 


i I y droqiiinon© H ydroquin oi jo 

94° 

5.0 miuutes 

1 .20 miuutes 

293° 

3.0 

0.90 

353^ 

— 

0.83 

360° 

1.4 

— 


TABLE II 


Molecular reorientation frequencies for stable (a) Hydorquinone 

Temperature 

5 H (gauss) 

Vc 

366 

7.81 

3.41 Kc/see. 

374 

6.56 

5.48 Ko/soc. 

38S 

1.52 

30.48 K,c/8ec. 

400 

0.43 

— 


TABLE III 

Molecular reorientation frequencies for w-stable (y) Hydroquinone 


Temperature 

g H (gauss) 

Vc 

350 

8.06 

0.8043 Kc/soo. 

367 

7.50 

1.9272 Ko/soc. 

370 

5.00 

6.2199 Ko/sec. 

374 

1.40 

23.8720 Kc/«ec. 

380 

1.00 

36.6630 Ko/flec. 
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Thus with above results it is evident that Tj is greater for stable Hydroquinone 
in comparison to meta-stable Hydroquinone. Also for both a-Hydroquinone and 
y-Hydroquinone the values of Ty are reduced frith rise of temperature. Most 
likely this is due to rotation of molecule about the molecular axis. The activation 
energies for both have been calculated. For a-Hydroquinone it is found to be 
5.26 K.cal/mole and for y-Hydroquinone it is Ibout 13.02 K.cal/mole which is 
a reasonable value to cross the potential barrior hindering rotation (Muzushima 
1954). Furthermore, as obtained by Gupta (1963) the second moments and 
line- widths in both a- and y-Hydroquinonc shoiW a remarkable reduction in its 
values with the rise of temperature, giving iaddcd support to the theory of 
molecular rotation. 
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ABSTRACT. Elootron capture in proton-liydrogon collision at 3° scattering angle 
(laboratory system) has been invostigaied, using a two state approximation. The sysioin 
of two protons and an electron forra^ a hydrogen-molecular- ion, witli variable intornuclear 
distance. In tlie present paper only the lowest symmetric and anti -symmetric states of ll^-f 
are considered and the protons with their assocnated electron-cloud are scattered differently 
in these two oases. The two different scattering ampUiudos are each associated with a time 
dependent j^hase which develops differently for the .symmetric and anti -symmetric states, 
linally the amplitudes in different jdiases int(^rfcre and dotormiuo the piobability of capture. 
The numerical computation of (sapturo probability in the pre.sent paper shows a very good 
agreement with experiment regarding the position of maxima and minima, in the energy rangr^ 
1.1 to 0.4*') Kov. Below 0.45 Kev the present result shows more rapid fluctuations, in capture 
probability which are however, not found in the experimental curve. 

INTRODUCTION 

The proton-hydrogen atom charge transfer problem has been largely investi- 
gated, both theoretically and experimentally in recent years. Previous theoretical 
studies, on the differential cross sections at fixed scattering angle, were made by 
Bates and McCarrol (1962) and Mukherjec and Sil (1962), using a ‘two-state ap- 
proximation in impact parameter method. Theoretical calculations show a reso- 
nant variation of capture probability against the incident energy of the proton. 
Ihc probability reaches the value one at the peeks and zero at the valleys. The 
experimental findings of Helbig and Everhart (1965) show a similar variation of 
capture probability with several peaks and valleys, but the probabilities neither 
roach the maximum value one, nor drop to zero. This deviation from theoretical 
result was found more prominent near the lower energies. Moreover there is a 
marked disagreement between those theoretical results and experimental findings 
in respect of the position of maxima and minima. 

The discrepancies were thought of as due to the neglect of the coupling of the 
excited stetes. Accordingly calculations were done by Bates and Williams (1964) 
using a three state approximation”. Another theoretical result was put forward 

246 



Differential Capture Probability of Electron, etc. 247 

by Basu, Sil and Bhattaoharyya (1966), using a variational method and taking 
four atomic etatos \S, 2S around each proton. Both of these calculations show a 
decrease of the capture probability at the peak and increase of the same at the 
valley, thus in qualitative agreement with the experiment of Everhart. 

Recently, F. J. Smith (1964) pointed out the failure of the impact parameter 
method at low energies and developed the wave treatment of the same problem. 
Taking into consideration only two states in his .calculations, he finds a consider- 
able decrease in the oscillation of capture probai)ility at low energies. Further, 
after introducing a correction due to coupling with the excited state 2pnu (from 
the calculations of Bates and Williams) in this two state calculations, he finds 
a good agreement regarding the position of resonances. 

Another theoretical treatment, in connection with the scattering problem 
of He/^—Hc system, has been introduced by Marohi and Smith (1965). They have 
emphasized the need for the separate treatment for the motion of the two nuclei 
in two separate fields due to symmetric and antisymmetric states of ion-atom 
pair. In our problem we allow the two protons to move in their respective classical 
orbits under the potential due to symmetric and antisymmetric states of hydrogen 
molecular ion. In order that the protons may be scattered through a fixed angle, 
each of the two potentials gives rise to a separate set of impact parameter, distance 
of closest approach and the classical cross section of scattering. The square root of 
the classical cross section is assumed to be the scattering amplitude in the respec- 
tivc state. Each amplitude is associated with a certain phase which is determined 
by the time dependent motion of the electrons in the field of the two protons. 
In the calculation of the phase, the effect of motion of the protons in 
their actual trajectory (rather than the approximate assumption that protons 
move in straight paths) has also been considered. Finally, the two amplitudes 
with their appropriate phase interfere and exhibits capture phenomena at a parti- 
cular angle. 

Atomic units are used in all calculations of this paper. 

THEORY 

If ^ is the wave function of a system composed of two protons A and B placed 
at the points and Rb and an electron at r, then we can expand 0 in terms of 
molecular wave functions as 

r), 

i 

where, i? == ||{| = |Jti— R b|. and ♦id?, r) 

is the molecular wave function with the nuclear separation distance It considered 
momentarily at rest. 

The identity of A and B gives rise to two sets of wave functions, symmetric 
^nd antisymmetric, corresponding to the interchange of A and B in the hamiltonian« 
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For small velocities of the incident proton it is a reasonable approximation to take 
in the sum only two terras, viz., the lowest states in the syminotric and anti-sym- 
metric distribution of electron cloud in hydrogen molecular ion. 

Thus in this two state approximation ^ is written as 

^ - Ps(R)MR, r)+F^{R)r/ra(R, r) 

For large JR, the molecular wave functions transform to the linear combinations 
of the ground state atomic wave functions i.e. wave functions of the 

electron around the proton A or the proton B. The functions Fs,a(R) 
the form exp (ife • /?)+/.s,a(^){cxp(tAi^)}/i2 for large R, so that the scattered 
wave is given by 

>A,S’C= 

... ( 1 ) 

We assume that the amplitude /s,a(^) is the positive square root of the classical 
cross section which is connected with impact parameter bs,a fl^nd scattering 

angle 0, by the relation, 

crs,a (0) = bs,a cosec0. 

\d6/ s, a 

It is to be noted that we have introduced in the asymptotic form of ^ the phase 
factors exp[i {^s,a(0] which determine the dissociation of molecular wave functions 
^s^aiR^ r) to either ^^(r) or ^^(r) after infinite separation of the protons. The 
electron has been originally attached to the proton A before the collision starts 
and we may associate this initial condition to [7,s,a(0]r-~oo ~ ® (Time is measured 
from the instant when the two protons are close to each other). The phase factors 
have been obtained from the time dependent wave equation of the electron in 
the field of the two protons, (cf. Smith, F. T. 1966) 

VSia{^) = J ,,, (2) 

— 09 

where es^a is the electronic energy in the ground state of s 3 rmm 6 trio and antisym- 
metric cloud of hydrogen molecular ion. 

Collecting the coefficient oi rjr^ from the equation (1) and squaring it, we get 
the capture cross section. This capture cross section divided by the sum of the cross 
sections of scattering and capture gives the capture probability, 

Pc = ^ [ 1- * COS{l/B(00)-7a(00)} j ... (3) 
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CALCULATIONS AND RESULTS 
We have from (2) 

m 

^S,a(°0) = I 





arc given by the well known classical relation, 


... (4) 





and (ro)s;,a are the distances of closest approach, so that for B = rj, {dRjdt) — 0. 

is the velocity and T the kinetic energy of the incident proton in laboratory 
system of coordinates. 

The table of es,a{B) at equal intervals of B has been calculated by H. Wind 
(1065), and hs,a have been plotted against energy by F. J. Smith (1965). 

The integrand in (4) has a singularity at the lower limit. The behaviour of 
ilie integrand near the lower limit is like that of near the origin. We have 
employed a method, as given in the book ‘Methods of Mathematical Physics’ by 
Jeffreys and Jeffreys (1962) for the evaluation of the integral near the lower limit. 
The integration in the rest of the range is done by Simpson’s method. Next we 
substitute the value of [»/*'(oo)— 7(,(oo)] in (3). We also substitute the values of 
Cg,/ from the work of F. J. Smith. This gives the expression for Pg. 

The capture probability calculated in this paper is presented in fig. 1 in solid 
line. The experimental curve of Everhart and the curve giving the results of the 
theoretical calculations in two state approximation by F. J. Smith are also shown 
for comparison. 

It is seen that rogarding the positions of maxima and minima, good agreement 
with experiment is obtained in the range 0.46 to 1.1 Kev. Below 0.46 Kev, the 
calculated oapture probability shows more frequent oscillations which have not 
been observed in the experiment of Everhart ei tA., The more frequent oscillation 
of capture probability in our results in the energy range 0.46 to 0.1 Kev is due to 
the rapid variation of the phase difference [95(00)— ^(oo)]. This tendency of 
>Qore rapid oscillations with decreasing energy is also found in the theolretical 
results of Bates and Williams (1964), down to 0.26 Kev. 
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ENERGY IN KoV 

Fig. !. Oapturo probability against the' incident energy of the proton (in Lab. system). 

theoretical curve of F.J. Smith (1964) by two-stato-calculations. His 

three state calculation with the inclusion of 2p7ru shows bettor agreement with 
experiment. 

— , — , — , — experimental curve of Helbig and Everhart. (1965) States 
theoretical curve by the present authors, with actual points of calcula- 
tion indicated only below 0.5 kev energy to show extrapolation particularly at 0.12 
Kev energy. 

Above 1.1 Kev our theoretical curve begins to be out of phase with the corres- 
ponding experimental curve, this may be due to the neglect of the higher excited 
states of . F. J. Smith finds an encouraging agreement with experiment by 
considering the correction in capture probability duo to the 2p7ru state. The work 
to incorporate the same effect in our method is in progress. 
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ABSTRACT. The radio-frequency oonductivitjjr of ionized gases (air and Carbondi* 
oxide) has been measured within a pressure range of a few microns of Hg to .3 mm of Hg in 
prosorico of a magnetic field varying from 0 to 700 Gaui», and a frequency of 10.6 Mc/sec, the 
discharge being excited by a transformer. It has been observed that (ionductivity decreases 
in presence of magnetic field for all values of pressure and the presKure at which the conduct! - 
vdy bocomes a maximum increases with the increase of magnetic field. The results can bo 
explained fairly well by an extension of the theory put forward bj^ Oilardini (1959) and the 
quantitative agreomont is also satisfectory. The introduction of the effect of equivalent pros- 
suro generally gives results in wide divergence with experimental results and hence it is con- 
cludod that for values of (IT/P) employed in this case, the equivalent pressure concept does 
not hold. The reasons for the failure of equivalent pressure expression in this rose have been 
disouHMod. 

INTRODUCTION 

In a previous paper (Sen and Ghosh, 1966) a method has been described to 
measure the radio-frequency conductivity of ionised gases and a study has been 
made regarding the interaction of radio-frequency waves with ionised gases. Since 
the presence of a magnetic field changes the various characteristics of a discharge, 
it is natural to suppose that the radio-frequency conductivity of an ionized gas 
will also change in presence of a magnetic field. (Conductivity of ionized gases 
such as air, nitrogen and hydrogen in a magnetic field was measured by lonescu 
and Mihul (1932) for pressure greater than lO”® mm of Hg who found that maxima 
other than those due to free electrons could be obtained. With very intense 
fields, only the vibration due to free electrons remained, the others disappearing 
and the values of the magnetic field giving maximum conductivity varied with 
pressure. A theory regarding the variation of radio-frequency conductivity with 
magnetic field was proposed by Appleton and Boohariwala (1936) who showed 
that the real part of radio-frequency conductivity in a magnetic field is given by 

n is the number of electrons per unit volume and the collision frequency, 6> is 
the angular frequency of the applied field and «=* — — > from graphical analysis, 
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it was shown by the authors that the value of for which the conductivity be- 
comes a maximum is obtained when == 0 which is anomalous and further the 
experimental results obtained by the authors were not supported by the theory 
developed; but it was conclusively shown that the magnetic field has a marked 
influence on the pressure at which the conductivity becomes a maximum and 
the value of the conductivity changes when the magnetic field is applied. A 
general theory regarding the variation of radio-frequency conductivity of ionized 
gases and its variation with pressure and the magnetic field has been worked out 
by GiJardini (1959) who derived the expression for the conductivity of an ionized 
gas under the following assumptions: 

(a) when the distribution function is predominently spherically symmetrical 
in velocity space but not necessary Maxwellian. 

(b) when the electron collison frequency is an arbitrary function of electron 
velocity. The value of the complex conductivity is given by 

1 

(7 = , - • 

m 

In presence of magnetic field he has defined two conductivities; a conductivit \ 
(Tc for the right-handed polarization and a conductivity (Tq for the left-handofi 
polarization where 

(7 = ^ 1 


and 


_ r 1 

m L 


and the conductivity in the direction of the field is given by 



K+o^o)* 


and 




=$[{ 


— Wft)* Ve*+(o)H 




— j [ _ 1 _ \ 1 

\ve*+(w— Wft)* ~ Vc*+(‘o+W6)®J J 

80 that real part of the conduetivity is given by 


O'rH 


_ e*n 

m . 


+ 
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and after simplification it reduces to the result obtained earlier by Appleton and 
J3oohari walla (1936) 

/r « + 

Though some measurements of radio-frequency? conductivity have been carried 
our earlier it is felt necessary that a thorough and systematic experimental measure- 
ment of radio frequency conductivity of ioniz^ gases in a magnetic field will 
yield some data which can be utilized for the vefification of the theory advanced 
by Gilardini (1959) or by Appleton and Boohaliwall (1936). Also it will bo of 
interest to study the variation of radio-frequency conductivity in a magnetic 
field and to see how the pressure at which the conductivity becomes a maximum 
varies with the application of the magnetic field. An idea regarding the inter- 
action of the magnetic field with the ionized gases can thus be obtained. With 
ibis object in view the present work has been undertaken and the paper reports 
the results obtained experimentally in case of air and carbondioxide in presence 
of magnetic field varying from 0 to 700 gauss and the pressure varying from a 
few microns to 300 microns. 

KXPERIMENTAl. PROCEDURE 

The radio-frequency conductivity of ionized gases such as air and carbondi- 
oxicle has been determined in the same way as has been done by 
(Sen and Ghosh, 1966). Pure and dry air has been used and carbondioxide has 
beem prepared by letting a saturated solution of oxalic acid (analytical grade) 
in water fall drop by drop in to a saturated solution of sodiumbicarbonate (ana- 
lytical grade). The evolved carbondioxide was passed through phosphorus 
pemtoxide to remove water vapour. The magnetic field has been supplied by an 
(^lociromagnot and the lines of force are perpendicular both to the direction of 
the field and to the length of the discharge tube. Keeping the magnetic field 
constant at a particular value, the pressure of the gas has been varied and the 
conductivity of the gas determined for various values of the pressure, and the same 
procedure has been repeated for various values of the magnetic field. The ex- 
periment has been repeated a large number of times and the results have been 
found to be consistent. The pressure of the gas has been measured as was done in 
iiie previous papers, (Sen ei, al,y 1962, a, b). The frequency of the applied 
field as measured by a wide band communication receiver was 10.6 Mc/sec and 
measurements were taken for the value of the discharge current of 20mA. The 
values of the magnetic field have been measured accurately by a calibrated Flux- 
meter. 

RESULTS AND DISCUSSION 

The variation of radio-frequency conductivity against pressure has been 
plotted in case of air and carbondioxide for different values of the magnetic field 
Fig, 1 and Fig. 2; also the conductivity pressure curve without magnetic field 
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50 100 160 200 

Pressure in Micron 

Fig. 1. Conductivity of ionised air against pressure for difierent values of the magnetic field. 
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has been given for comparison. It is observed that the value of is smaller when 
magnetic field is present than that without field for all values of pressure and the 
pressure at which the conductivity becomes a maximum always shifts to higher 
pressure when the magnetic field is increasedL That the real part of r.f. con- 
ductivity will be smaller in presence of magnetic field than when the field is absent 
is evident from the following considerations; wc have 

m Vc*+co* 


and 


(TrH = ~. 


SO that when the magnetic field employed is of the order of 200 gauss, we get 

0 ) = 3.62 X 10® radians 
and for^? = 300 Gauss, w = 6.28x10® radians 

whereas the frequency of the applied field is of the order of 2.96 x 10® cycles/sec 
or 1.862 x 10’ radians; we can therefore neglect w in comparison to W/, and hence 
obtain 

(Trff = — . 


then 0- _ (v.^+6)/)®-4a.S’‘ 

O’rH (vc®+<*)^*)(Vo®-j-‘«>*) 

and neglecting 4(i)®<<)4® in comparison to we get 

O' 

criTH \ l+«®/Va*/ 

and since <«)*>> <o, crjoryH will be greater than unity as is actually found to be the 
case in the range of pressure investigated. Considering from the physical point 
of view it is seen that due to the presence of magnetic field the effective mean free 
path is shortened and now there is a greater number of collisions which results 
in a not reduction of the number of drifting electrons contributing to the conducti- 
vity current and hence the conductivity decreases. However, in the discussion 
which follows it will be assumed that the number of electrons per unit volume is 
the same in the presence of magnetic field as in its absence, because it is clearly 
observed in the course of experiment as well as from theoretical considerations that 
there is a gradation of concentrations of electrons in the path of the radio-frequency 
hold but the average number approximately remains the same. 
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The values of pressure at which the conductivity becomes maximum in case 
of air and carbondioxide have been obtained from the curves of Fig. 1 and 2 
and entered in Table I. 

TABLE I 


Magnetic 
Gas field in gaus 


Air 0 

275 
410 
550 
(180 

Garbondioxide 0 

275 
410 
550 
080 


Value of Corrospond- 
maximura ing pressure 
eouduotiviiy as from 
X 1 0^* o.m.u. experiment 
in micron. 


13.175 

92 

10.475 

112 

10.125 

123 

9. 175 

150 

8.92.3 

170 

12. () 

108 

9.85 

125 

9.45 

J40 

9.00 

155 

8.725 ■ 

162 


(Tji) min (Pjy)min 
from oqu. (2) from equn (4) 
(microns) (4) 

in micron 


115.7 

92.56 

118.8 

95.04 

1,30.02 

104.016 

136.66 

109.33 

140.7 

112.56 

146.7 

117. .36 

154.0 

123.2 

157.9 

127.12 


It is evident that the maximum value of conductivity diminishes and the pressure 
at which the comiuctivity becomes a maximum shifts to higher values whth the 
application of the magnetic field. To explain this it is observed that since 
for the values of magnetic field employed, 

m v/ 

and putting ~ 

A L 

where L is the mean of free path of the 'electron in the gas at a pressure of \nini 
Vy the velocity of the electrons we get, 

_ we* L 

• 

TO Vr 

\TO Vf / 


where 
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and (Tru will be a maximum with respect to P 
when = CJI*. 

where (Pn)ntax is the pressure at which the conductivity becomes a maximum in 
presence of magnetic field. 


then 

Wrll)fnax 

— 1 

2 m 

.L 1 

’*'r ■ 


and 

i^r)inax 

2 * m 



so that 

{^n)max 

(^rll)inax 

p 

• ^ Max • 

(2) 


The values of {(Tr)max (<^rii)max s-s well as P^ax f’lui bt; o()tained from experimental 
data and hence {Pn)mx cs-n be calculated. The results calculated from equation 
(2) have been entered into the fifth column of the Table 1; the agreement is quite 
satisfactory considering the simplifications involved in the deduction of the equa- 
tion. The result also shows that the pressure at which the radio-frequency 
conductivity becomes maximum always shifts to higher values as the magnetic 
field is increased. 'The above deduction cannot be taken as rigorous because in 
])rc8ence of a magnetic field the actual pressure is clianged to an effective pressure 
as has been shown by Blevin and Haydon, (1968) 

Pa = PVl+CiWJP^. 


where 



Due to this change of pressure the collision frequency also changes. Gilardini 
(1959) in developing his theory has not taken this change into consideration and 
assumed that the collision frequency is same both with the without magnetic 
field. Hence 


«e* L [P*-f-OiH*]* 

m ' vr ' P*+2<7iiP 


(3). 


ho condition for obtaining the maximum value of (TtU when its variation with 
> 'essure is taken into consideration is obtained from equation (3). This occurs 
when P = 0 which is anomalous. It may bo recalled that Appleton and Boohari- 
walla (1936), without taking into consideration the concept of equivalent pressure 
also came to the same conclusion from graphical analysis. Consequently if vre 
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adopt the Blovin and Haydon expression in this case, it leads to result which is 
anomalous. Of course tlie validity of Belvin and Haydon’s expression has pre- 
viously b<,H;n <(^stcd in case of air by Sen and Ghosh (1961) where it was shown that 
for values of pre^ssure less than 160/t and magnetic field of the order of 100 gauss 
1 ho expression gives values of equivalent pressure different from the actual pressure. 
Since the pressure at which maxima are occuring is in a region greater than 100/<, 
and the magnetic field employed is also large it can be conjectured that Blevin 
and Haydon’s expression docs not hold in the region of pressure where maxima 
are occuring. 

Townsend and Gill (1937) on the otherhand deduced that 

where /v// is the mobility of electrons in the magnetic field H;t m the time between 
successive collisions and o)^ = elJjin. It can be deduced from the above relation 
that 


and hence 


arH — 






m Vt [(PHC'iH*)®+C?iH*P*] 
and (TrH is maximum when (PffUax = CJP. 


then 




ne' 


1 


m Vr (PH)n 


and as 


(®’r)mai8 — 


ne^ 


1 1 


m Vr P, 


fAax 


we get (PhUx^ .(PtfW. ... W 

The results calculated from equation (4) are entered into the last column of Table 
I. It is observed that results obtained with equation (4) are in wide disagreement 
with the experimental results both in the case of air and carbondioxide. It is 
thus evident that the concept of equivalent pressure whether from Blevin and 
Haydon expression or from Townsend expression can not lead to any imporvement 
in the theoretical deduction. 

It can thus be conluded that in case of air and carbondioxide the simple 
theory put forward by Gilardini can explain the results quite well specially 
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when the gyro-frequency is far removed from the frequency of the measuring 
field but this treatment is over simplified. Further it has been shown that the 
inclusion of the concept of equivalent pressure does not lead to any better results. 
In fact Haydon (1961) has discussed the limitation of the equivalent pressure 
concept in which he found different values of for Hydrogen by plotting (a^/ao) 
where a is the first Townsend coefficient against , values of (HjE) varying from 0 
to 2.6 where E is the breakdown voltage. From this he has concluded that perhaps 
drift velocity is a linear function of (EjP) for small {EjP) values but varies as 
(EIP)^ where «. > 1 for large (EjP) values. The value of EjP in these experiments 
is of the order of 150 volts/cm mm of Hg and herjee the linearity relation between 
the drift velocity and (jB/F) on which the Blevln Haydon expression is based, 
may not hold good for the values of (EIP) used heie. This may partly account for 
the failure of the conception of equivalent pressure in explaining the observed 
results. The limitations of equivalent pressure concept have also been discussed 
previously by Sen and Ghosh (1961) where it was shown that the expression 
is valid upto a pressure of 150/t when the magnetic field is of the order of 100 
gauss. Since the magnetic field used here is much greater than 100 gauss, and the 
maxima are also occuring at pressures greater than 160/t, the Blevin Haydon 
expression cannot be expected to hold here. Experiments are in progress in this 
laboratory to measure the radio-frequency conductivity in other gases specially 
ill inert gases and the results will be reported in future. 
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CHERENKOV RADIATION IN DIELECTRIC MEDIUM 
WITH CONDUCTIVITY 
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ABSTRACT. (Mioroukov radiation through di<dc(?rio medium having conductivity 
lias bofMi (;c>risidorod. It ha.M boon shown that (IJioronk >v radiation is obtainod at any velocity 
of tho pnrticjlo througli medium though the attenuation will bo largo for low velocities. Some 
ffjaturos of piMiotration length has b(H)n dis<;ussed whicli are unlike those of usual electromagne- 
tic radiation in conducting media. "I’ho opening angle also seems to be of interest. 

The problem of Cherenkov radiation in nonconducting media has been dis- 
cussimI by many investigators ( 1953 ). In practice hovx'vor materials generally 
have varried amount of conductivity and thus lead to attenuation. It is 
therefore interesting to scc' the relative importance of the conductivity and the 
particle velocity in the production of Cherenkov radiation. 

Wo start with Maxwell’s equations with Fourier components; 


rot Ih = ---- E. + + -- (tE^ 

c c c 


rot E^ = II o, 

div Du, = irtf} 
div II u — 0 
Du — n^Eu 

where o> ia the frequeuey, «'•* is the dielectric constant of tlic medium and tr is the 
conductivity of the medium. 71 and cr in general depend on to. 

Introducing scalar and vector potentials 96 anti A as usual wo have 
IIu — rot Au 'I 



Ea — Au — grad 6u 

c 

c* 

VVu + (m^ri^—{4:7rcra)^„ = 

with the modified Lorentz condition 

div A„ + ~ (47r(r+iwn®) = 0. 

c 
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Lot tho particle be moving along the z dirccl ion with iiniform velocity v. Then 
in cylindrical co-ordinates the components of vector potential are 

Ai, — 0 = Af and 


d/o® p dp 


oz^ 


Let Ai = «(p)e"*" 


h’roin (3) 


d®it I 1 du 
dp^ p dp 


+ = 




... (4) 
... (5) 


where 


Tf 


s = 6‘i+f>2. then 




.. ( 6 ) 




27rcr(o 


(7) 


From these wo liav(^ 




CO 

^^/2v 


-[ { t- } + w-i)j - 


I — when > 0 


and 


[ {a-«w+ 


= ± 


CO 

^2v 


[ I {l-n*^)> 


(l-nW ] 


when < 0. 


co» 


... ( 8 ) 
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Tho right hand side of (7) is independent of v and it represents reoetangular hyper- 
bola with V varying. In (8) there is an ambiguity in sign and it may lead to dif- 
ferent values of and s^. But from (7) and 8^ have opposite signs, so only two 
cases are possible. 

Case I : > 0 and < 0. 

and Sj on the same branch of tho hyperbola (7). For tho outgoing wave 
u — (sp) and B = —(iejic) which is fixed by the strength of the singularity 

at yo = 0. 


. . . 

Here (sp) e " 

Using tho asymptotic form of J?(,<®>(s/)) for \8p\ >> 1, 

WP 


where 




>=:v- 


n{,8\+s\) 


... (9) 




" 1 “ ^ l )^> /^1 


1 

V2 


iV^i + A — «i)* 


“d + - ('«) 

Case II. Sj < 0 and 8^ > 0. 

In this case and lie on the opposite branch of the hyperbola (7). 

For tho outgoing wave u =i£ {sp) 

2c 


and A,{<^) = ^ {sp) «-<" I +*“< 

In the asymptotic form when (sp) >>>1, 

i4^(co) = ~ { ( v 4« } ..• ( ) 

VP 

The expression of A^{o>) in (9) and (11) are identical. There is only a phase 
difference of zr. More over there is no discontinuity of Si and s^ in either case. 
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By (2) and (9) the field strengths are 

II,H = [1- «2+*‘«i] 

I? i \ T> I \ ^n(r--ivm^ Cl ^ . 11 Sno tray 


^i{“) — 


4 : 7 r(r-—i<xi n^ 1 1 

167r%2+6)^?|* . ^/p 


_L e**Pe‘®^ 

J \/p 


i?e//^(<o) = Bj c *»p[^ {^ 1 ( 2 ^“**) +“ 1 * 1 } ®o® 

+ {«i (A -«2 ) -M } sin <o;v] 


L e«»P |(4;r(rai+ w»*Ai) - «j 


BeBp(w) Bi 


-(47r(r/?j— (o»^ai)«i} cos w^— {(47r(rai4-<'>w*A)*i+(4ff<Tyffi— wn^aj) 




BeBp(oi) = — B. J e^apfl^ 

-y//; Llv® 16jrV+<i)%^ 


/o) to-^cw^ 1 \ \ 

** \ o' V* 167w*4^*n« / 1 


1 fa^ 4 : 7 rwhcr /? / ^ 1 

Iv* 167rVHt^*W ^ / J 


= I 2[BeH^{(^)]do> 


Ep = J 2 [JRdJEfp(o>)]dci> 
0 


JS?* = J 2[JfeJEf,(6))]d6) 
0 
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C O N C 1. U S I O N 

(i) The value of Az in (9) reveals that no restriction on the particle velocity 
is required for the outgoing wave propagation, though it is damped. Thus 
Cherenkov radiation takes place at any velocity of the particle in a medium having 
certain amount of conductivity. 

(ii) The energy radiated tlirough the surface of a cylinder per unit length 
whose axis is the line of motion of the electron is given by 


dW 

dt 


gy j (pdt 

~>ao 




(ai+/?i) 


47r<oV^ 

167rV^+ 


+K-A)(“ - “«■ )}]■*“ - 


This expression leads to the correct limiting case <r = 0 which is give by 


dW 

dl 


c2 

c* 



^ ) 


cod CO, 


(iii) From (10) the serai- vertical angle of the cone of radiation ^9^ ~ 
tan~^(?;.s’i/co). It is different from Chrenkov relation 6 = co 8 ~^(l/? 2 ^^). Comparing 
the values of 0^ with those of 0 against v one can observe that the cone of Cherenkov 
radiation in a conducting medium is generally wider than that of a non-conducting 
medium. For the values of v between 0 and c/n, 0 has no value (i.e. no Cherkenkov 
radiation takes place) but 0^^ has singificant values which means that the Cherenkov 
radiation takes place in conducting medium. 

(iv) The penetration length 


'\/2v 


or 

a = 

CO 


■v/2t> 

[{(1 -«*/?*)*+ j* 


when ^ 0, 


I ... ( 16 ) 


when 1 < 0. 
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The values of a for typical values of v are given below : 


(I) 



c 

Y^27ro><r 


( 11 ) 


V = c and n = 1, a 




(III) 


when V = c, n > I and cr is very |5mall, a 


C \/ 71^— 1 

27T (T 


(17) 


In the usual electromagnetic phenomenon tin? penetration leiiLfth == ™ . It 

27rcr 

m interesting to compare (17) with this expression. 


(v) There is a critical value ofv depending on tlie medium. Thv ]>enetration 
le ngth changes ra])idly with v until v attains critical value after \\hich it changes 
very slowly. 


(vi) The wave length of the radiation is given by 


/I - 

and 

A 


2\/27rv 


__ 2\/277V 


when ^ 0, 


when 1 < 0. 


y ... ( 18 ) 


OiK^ secs that a and A are comparable when < 0. At the first sight it 

may bo seen that under these circumstances Cherenkov Radiation though produced 
it becomes unimportant. But that is actually not the case. Since if the conduct- 
ing material be in the form of a thin wafer, a narrow cylinder or something of this 
«ort then outside the medium, e.g. in vacuum one will have a substantial effect. 
Calculation stemming from these consideration are in progress and will be com- 
municated elsewhere. 
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ABSTRACT. Tlie cross seci ion for 1^8-218 transition of helium atom by electron im- 
pact. has boon invostigatod in Oclikur (1964) apjiroximation near threshold for excitation. 
The total excitation cross-section in the energy range 20.6 ov to 24 ev of incident electron 
energy has been compared with the most recent experimental findings of Jfolt and Kroikov 
(1966). 


INTIiODUOTION 

Several theoretical attempts have been made to calculate the cross section 
for the electronic excitation from the ground state of helium atom to the 2^S state. 
Massey and Mohr (1933) have calculated the excitation cross-section in the Born 
approximation. Massey and Moiseiwitsch (1964) have used a distorted-wave 
method in which the coupling between the singlet and triplet motastablo levels 
was neglected. Fox (1965) has applied Bom approximation to calculate the above 
transition cross section in the high-energy region, using various analytical func- 
tions for the ground state and the wave function of Marriott and Seaton (1967) 
for the 2^S state, which is made explicitly orthogonal to the different ground state 
functions. Marriott (1964) has carried out numerical computation of partial 
cross sections for i = 0, 1, 2, 3 for the elastic collision and the inelastic transitions 
to 2^S and 2®S states from the ground state wherein the electron exchange effect 
has been allowed for and all coupling terms between HS, 2*S and 2®S states have 
been retained. 

In the present work, we have used Oehkur (1963) approximation to calculate 
the liS--2>S transition cross section. The ground state wave function of helium 
atom is taken to bo that of Green et al (1964) and the 2^S state wave function is 
taken as a linear combination of the form of Marriott and Seaton (1967) and that of 
Green (1954) so as to be explicitly orthogonal to ground state wave function. 

We have carried out our calculation in the energy range near the threshold 
for excitation where recent experimental results of HOlt and Krotkov (1966) are 
available for comparison. 
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T H K O K Y 

Tlic first Bora approximation to the excitation amplitude for the transition 
from the ground state of helium atom with wave function to the n th 

( xcited state ^ 2 ) given by (in atomic units) 

/b(^o> ~ — ^2 j I »' 2 ) I 

>: V^o(^i. ^2)dfri dSr2 

Whore hn momenta of the iticiclcmt and soatloiod clooirons and 

q “ I k\) hn I • 

Th(5 correapoiidiiig t^vcliangf'. transition amplitudc‘ in Ocliknr approximation 
is given by 

qZ 

9(kQ,kn) == ^^2 / (ko, fen). 

Tlie wave-function for 2^S state should be orthogonal to the original ground 
stale wave function ^‘ 2 )- How^cver, the wave-function of Marriott and 

Seaton (1957) for 2^S stale is not orghogonal to the ground state wavefunciion 
ol‘ Green et al (1954) to be used in our calculation. Following P'ox (19C5), we have 
chosen the wave-function of 2\S state as a linear combination of the form of Marriott 
and Seaton (1957) and that of Green et al (1964) so that the resulting w ave function 
is explicitly orthogonal to the above ground state wave function. 

The ground state wave function of helium atom due to Green et al (1964) is 

*'2) = Mr,) 

Mr) = i)7(e‘^+c e-®*’") 

Z = 1.4668 
N = .837389 
c = .60. 

The orthogonalised 2®S state wave function we have used is 
= -r-~~ {ri, 

Vl-A® 

where r^) is the wave function for 2®S state of Marriott and Seaton (1957) 

i.c. rj) = [e-®'» (c-i-iser _ . 317 ^^ ^-48^2) 

7T 

^e- 2 r 2 (e-i.i!i«f, _,3i7r^ e-««’’‘)] 

A = f fg) Mrv ra)dri dr^ 


where 

with 


and 
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The total cross section Q on is obtained by integrating numerically the differ- 
ontial cross section ” over all possible angles with the help of Gaussian 

Quadrature formula. 

JtESULTS AND DISCUSSION 

We have calculated the excitation cross section for the transition V8—2^S 
in the energy range of 20.6 cv to 24 ev and have given a plot of the same against 
energy in the adjoining figure. The theoretical curve of Marriott (1964) and the 
experimental findings of Holt and Krotkov (1966) arc shown in the figure for com- 
parison. Here we notice that in the vicinity of tlireshold for excitation, our results 
compare favourably with the experimental results of Holt and Krotkov (1966). 
However, further away from threshold our cross-section values gradually increase 
with energy whereas the experimental values rise rapidly to a plateau (1.0±.3) 
XlO“^® cm*® at an energy 21.22 ev (approximately) and then remain almost cons- 
tant. 



20 21 22 23 24 

Electron energy (ev) 

The total cross-section for production of the 2^8 state. Curve A-Calculation by Marriott 
(1964) ; Curve B — present calculation. I — are tho experimental data of Holt and Krotkov 
(1966). 

It may be mentioned that we have compared our results of total excitasion 
cross-sections with the most recent experimental findings of Holt and Krotkov 
(1966) who have measured the total cross-section for excitation of the 2^8 state 
in helium by electron bombardment, with the cross-section scale adjusted so that 
the peak is exactly 3 X 10~^® cm^. The values of tho excitation cross section 
calculated by Marriott though in fair agreement with the experimental findings 
of Schulz and Fox (1967), are higher than the present theoretical values as well 
as the experimental findings of Holt and Krotkov (1966). 

In conclusion, we find that Ochkur approximation which is comparatively 
simple gives fairly good results when compared with other laborious and more 
complicated methods. The total cross section for state is under investi- 

gation. 
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CHERENKOV RADIATION IN A SEMI-INFINITE 
DIELECTRIC MEDIUM WITH A CONDUCTING 
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ABSTRACT. Cliofoiiknv mdiution duo to fho passage of a point, olmrgo moving parull(»l 
to tlio ccjiiduoting boundary inside a somi-infinite diolootrin medium baa been aiudied. 
fomiiilao obtained are in agreemont with tlio formulae for (-horenkov radiation of electron 
in an infinite homogoneoua medium in the limiting case. 

J N T H O D IT f ! T I O N 

Linhart (1955) and Danes (1955) worked out the problem of Cherenkov 
radiation emitted by an (dectron moving in vacuum witli uniform motion on a 
straight line parallel to the plane face of semi-infinite dielectricj medium. Here wr 
propose to calculate electro-magnetic fiedd and Cherenkov radiation due to a charg(" 
particle moving inside a semi-infinite dielectric medium with a constant velocity 
on a straight line parallel to th(‘ plane boundary. The other sid(^ is a semi-infiniti' 
conducting medium. The conductivity is assumed to be high and in fact tak(‘n t o 
be infinite for simplicity of calculation. 


8 T A T C M K N r O K P ii () Tn4 E M 


Let ir — 0 be the equation of the boundary surface; x > 0, the dielectric 
medium and x < 0, the conducting medium. A particle of charge e is moving 
with a constant voloeity v in a straight liru^ parallel to ;3-axis at a distance a from 
the boundary surface. AVe are interested in the case when v is greater than thi^ 
phase vedocity of light in tJie dielectric medium. 

Maxwell’s (equations for field variables E and 11 are 


X TJ T/tO jy . 4‘7r • 

rot Hg, — A„+ 

1/ o 

rot 

div = 
div = 0, 


... ( 1 ) 
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where j is the current density, p is the density of free charges and e is the dielec- 
tric constant. All quantities arc used as Fourier Transform. Introducing 
vector and scalar potential A and <f> we arrive at the following set : 

= rot 




grad <j>^ 




U ew- A 

ctt 1 “g 

O 


with the condition divJt,j+ = 0 

c 

Hero = 0 = jy and = evS(x—a) S{y) 8{z—vt) 


SOLUTION 


Taking 0 — Ay, 


. A, 


G 


... (4) 


To solro the? equation (4) we assume that 




From (4) wo have 


5^14 , d^u I 2 

-I- 

dx^ ^ ' 


S(x—a)S{y), 


where 




... ( 6 ) 


There is no eli?ctromagnetic field inside the? conducting medium. On the boundary 
suiTaeo tangential components of E and normal components of II should be zero. 
To satisfy these conditions u and du/df/ should be zero at x ^ 0. Besides there 
is a singularity at x ^ a, y ~ 0. Thus the solution of (5) is 




.. ( 6 ) 


whore 


?i* — = (ar+a)®+y®- 


^(<o) 


-<6.(1-— ) 


and ^(w) = 






( 7 ) 
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The field components are 

•i 

Ejo>) - -:^f ® — ^i<2'(««i)- ] c’“^ 

2w L gi 5-8 J 


... ( 8 ) 


One can easily verify that tangential components and F^ and normal compo- 
nent J/jp are zero at x = 0, 

Stirface charge mid surface current : One notes that the normal component 
and tangential component 11 produce surface charge and surface current on 
the boundary surface. If S and K are the surface charge density and surface 
current density then 


47tE = Be.{eE^)^^o = 

ea 

V 

1 . Jf^sq) sin w | 

t— j +^i('5g^) cos coj 






... (0) 

4:nK = Re{Ily)^o = 

—ea j 

sin CO 

^ j +Ni{sq) cos ci> 


where “ a^~\-y^. 




... (10) 


Equation (9) shows that S~> 0 and a~> 0, i.e. there will be no surface charge when 
the point charge moves very closely to the boundary surface. This may be under- 
stood if we imagine a particle of opposite charge at the image point of the real 
particle similar to the static case. If the distance between these two oppositely 
charged particles is very small, the medium is not effectively polarized due to 
equal amount of polarization by the oppositely charged particles. 

Calculation of Radiation : We now calculate the total energy radiated by the 
point charge through the surface of a half cylinder of large radius with the 
axis as z-axis. In cylindrical co-ordinates (r, 0, z) 

Hq = —^a; sin 6+Hy cos 0 

L ^ Si S* J ... (11) 

where g^* = r®— 2or cos 0+o*, g,* = r®+2or cos 0+a*. 
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For large values of r. 


, es I 2 f -itlr-a eon ~it(r+a co»l)} iu( I- -- ) 

E,{^) ^ «>+‘t J 


( 12 ) 


Since > 0, waves (partly reflected at the boundary) arc propagated at a large 
distance from the boundary surface. 


I> II c 2c5 / 2 . &T , TT \ . . ^ 

llelln -= f \ - sin 63 U— - — — + , sin isa cos y)rfo) • 

^ 0 c V nsr \ «; 6) 4ww | 

~ J — sin <ofi— sin («« cos (9)dt(; | 

0 ecj V TTSr \ w w 4 m)/ ' j 

Radiation through the surface per unit length is 

-T=4i 

^ ^ 1 ( ... (14) 

ilW 4*2 ^max / | y 

In practice „ ^ j ^ 1— j a)[l— Jo(2sa)J(iir ... (16) 


DISCUSSION 

Energy loss per unit frequency interval per unit length is given by 

In the limit when a-> oo the equation (16) should go to the expression of the homo- 
geneous medium. 

In infinite homogeneous dielectric medium Cherenkov radiation per unit 
frequency interval per unit path length is 



which obviously is the limit of 8 when o-> oo. 

When a-* 0, 8-* 0, i.o. Cherenkov radiation does not take place, if the point 
charge moves closely to the boundary surface. It is due to the effect of a particle 
of opposite charge at the image point of the point charge. 
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If the (lisianc(' of the particle from the boundary surface is increased, 
until tho fiisl z<'ro of ia obtained. In this case 8 < S'. Though the boun- 
fary surface refl(icts the waves, the point charge at the image point which is ef- 
fectively the siirfa(!(! charg(! polarizes tho medium in oi)po8it(i direction and ulti- 
mately t.h(' total energy loss becomes less than tho ordinary Cherenkov radiation. 
Thus in this .situation the conducting barrier reduces the radiation. After the first 
zero of Jq' '^0 - second zero is obtained. In this case 8 > S' i.e. by 

suitably adjusting tlu' (li.stance of the particle from the boundeary surface the 
energy 1os.h can be increased and it may be greater than ordinary Cherenkov radia- 
tion. Considering all the.se Jesuits we conclude that 8 oscillates W'ith a and ulti- 
mately it couvergi'S to S'. A similar jjhenomcnon through not exactly identical 
with the jjrevious case, occurs w'hcn variable of I'adiation intensty are considered 
as a function of w. These variations of intensity with a arc to be traced to the 
phenomenon of interference. 
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ABSTRACT. The emission from the flame csontainmg tin halides or metallie tin has 
ijivestigafcod in the visible region. One hundred and thirteen bands have been photo- 
graphed ill the region XX 6480-3600 and have been attributed to the diatomh* oxide SnO. 
MoM of tliose bantls have been arranged into three systems — A, B and C, whose lower level 
lijivS boon identified to bo the ground state. It has boon found that Mahanti’s systems B and 
(.) do iiot exist separately but are in fa<‘t parts of the present system C^X. Vibrational sche- 
nios have boon drawn ac^oording to the following oxpressiuns : 

A->X,v=: 19073. 84- 4.53. 0(v'-fi) -4. 00(v' +4)2-822. 4(u'^+J) + 3.73(i;Hi)2. 

21312. 8 + 695. 0{v'-l-i) -3. 90K44)2-0. 25(^/44)3-822. 4(w^4-J)43.73(t;^4i)2. 
C->X, v-= 25448. 5+561. 0(j/ + 4)-1.20(v' + 4)2-0.16(v' + 4)3-822.4(vN l) + 3.73vt/+ j)^. 

2 level has been found to be perturbed in both the systems B and C. Some bands 
luivu also boon added to tho already known system D. 

INTRODUCTION 

« 

AVhilo studying tho emission spectrum of the oxy-coal-gas flame containing 
till sulphide or tin chloride, Edcr and Valenta (1924) for the first time reported the 
presence of alll marked red degraded bands which extended through the blue and 
the near ultraviolet regions. Later on, the se bands are also recorded in tho arc 
spi'ctrum of metallic tin on carbon polos by Mahanti (1931), who attributed them 
to the diatomic molecule SnO. Mahanti arranged these bands in three systems 
and termed them as A, B and C. The system A occurring in the region AA 4490- 
-3200 was the most intense one and all tho principal bands fitted into it. System 
0 and C were, however, weak and fragmentary. Connelly (1933) photographed 
the emission and absorption spectrum of SnO in AA4660-3070 region, and furnished 
an extended and revised vibrational scheme for Mahanti’s A system which he 
designated as £> Connelly, however, questioned tho separate existence of the 
B and C systems while, Pearsc and Gaydon (1941) have refen-ed their vibrational 
analyses as uncertain. The ultraviolet absorption was studied in emission by 
Loomis and Watson (1934); in absorption by Sharma (1944); and an extensive 
study of this region was also made by Eisler and Barrow (1949). Barrow and 
^wlinson (1954) studied the absorption in the Sohumaim region. Jevons (1938) 
fomoved oertam anomalies in the values of the anharmcmio coefficients by proposing 
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a now expression for Connelly’s D system. The rotational analysis of the (1, 0), 
(0,0) and (0, 1) bands of the D system was performed by Lagerquist, Nilsson and 
Wigartz (1059) and according to them the system corresponds to transition. 

It is evident from the foregoing that while the spectroscopic constants for the 
I) system are well established, and farily reliable information is available for the 
ultraviolet and Schumann region, no satisfactory data for the visible region, 
on the longer wavelength side of A4660 region, exist. Whatever little information 
wo posses is insufficient to draw any definite conclusions. On the other hand 
several well marked band systems, stretching almost through the entire visible 
region are known to exist for the PbO molecule; Mecke (1929); Bloomcnthal (1930); 
Shawhan and Morgan (1935); Howell (1936); and Barrow, Deutsch and Travis 
(1961). Similar band systems for SnO molecule can therefore be reasonably 
expected. The aim of the present communication is to report the fresh results 
obtained by the authors in the. AA648()-3200 region of the flame spectrum of tlio 
SnO molecule. 


EXPERIMENTAL 

The flame apparatus, described in figure 1 was used as the source of emission. 
A solution of pure stannic chloride, sucked through T, was fed into the burner 

“ He 



Fig. 1. 

A, in the form of a fine spray obtained by blowing air under pressure, The 
pressure of the gas was controlled with the mechanism S and it was let into the 
burner through the cock K. The mixture gave a blue bright flame with a faint 
yellow centre which appeared occasionally. The intensity of the light source 
could be increased with the concentration of the solution. The spectrum of the 
flame obtained in this manner was photographed on Hilgor E612 glass and Hilger 
E492 quartz spectrographs. Investigations were also made by feeding stannous 
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chloride, stannic bromide, stannic oxide and tin metal powder. Exactly similar 
bands lying in the region AA6480-3200 were recorded in each case. The brightest 
emission was obtained either by putting the tin metal powder over the porcelain 
disc D, fitted at the top of the apparatus, or by feeding the stannous bromide 
solution. However, the intensity of the flame eiDiission was found to bo markedly 
different in different regions. While with the glass spectrograph, bands in the 
different regions could be photographed in two to four hours, prolonged exposures 
Avero needed to record them with the quartz sgectrograph. Spectrograms were 
obtained by using Ilford R40 rapid process pancbromatic and N40 process plates. 
Copper, iron d.c. arcs and neon discharge tube were used as source of comparison 
standards in different regions. 

RESULTS 

The flame emission described above and attributed to SnO has yielded a large 
number of bands in the region /1AG480-3200 stretching practically without a break 
Out of these bauds, 86 have been recorded for the first time while the rest include 
the prominent SnO bands reported by Connelly and others in this region. Almost 
all of the new bands have been arranged into tliree systems A , B and C, different 
from those of Mahanti, seven now bands have been added to the system D and 
the remaining few are loft unclassified. 

System A (AA6480 — 5260) 

This system consists of 19 entirely new bands. Most of these are sharp and 
only a few are somewhat diffuse. The system can be satisfactorily rex>resented 
by the following expression : 

V =: 19073.8+463.0(t;'+|)^4.00(t;'+i)2-822.4(?/+J)+3.73K+J)2 ... (1) 

The wavelengths of bands, their wavenumber equivalents in vacuum, together 
with the visual estimates of intensity on a scale of 10, and vibrational assignments 
for the system have been incorporated in Table I. It is to be noted that the 
intensity measurements are on a scale of 10 taking all the three systems together. 
Diffuse bands with uncertain measurements are marked as d. The bands (1,3) and 
(3,4) are presumably masked by the broadening of the yellow doublet of sodium 
occuring as an impurity. Figure 2, (plate 2A) reproduces the spectrogram. 
System B (AA6840— 3930) 

Thirty three bands have been incorporated in this system. They include 
twenty eight entirely new bands, while 6 unclassified bands reported by Connelly 
have also been accounted for. The proposed system is entirely different from the 
one suggested by Mahanti. Equation (2) explains the vibrational analysis within 
limits of experimental error : 

V ^ 24312.8+696.0(«;'+J)-3.90(t;'+i)»-0.26(v'+J)®-822.4(f/+i) 

+3.73(u-^+J)* 


... ( 2 ) 
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It is to be noted that the system in general is weak and the level «' = 2 is found to 
be perturbed by about 9 orn~^. Like Table I, Table II explains the data for 
X system. Spectrogram is reproduced in figures 3 and 4, (plate 2). 

Syste7n G (AA5010~3700) 

The proposed system C, consisting of 41 bands, is well developed and quite 
intense. Besides eighteen new bands, it includes 15 prominent bands of Mahanti’s 
B and C systems and 8 of Connelly’s unclassified bands as well. Compared with 
systems A and B the sequences are better marked in this case. The level = 2 
is found to bo perturbed by about 12 cm~^. 

Within the limits of experimental error the following expression explains the 
vibrational scheme for system : 

V = 25448.5+561.0(v'+i-1.20(v'+i)2+0.16(v'+|)3-822.4(v'^+|) 

+3.73(t?"+i)2 ... (3) 

Figures 5 and 6 in plate 3 display the bands of the system, and Table IT describes 
the relevant data about it. Bands marked with ( + ) were reported by Connelly 
as unclassified. 

Table IV indicates the now bands added to the system /), while the bands 
left unclassified have been entered in table V. 


TABLE I 


Aa<r in A 

Int. 

7^ vac 
Obs. 

in om”^ 
calc. 

Olassihoatic 

6479.8 

4 

16428 

15422 

(3,6) 

6466.3 

] 

15486 

16486 

(5,7) 

6378.6 

4 

15673 

16674 

(0.4) 

6335.8 

3 

15779 

16771 

(2.6) d 

6309.8 

1 

15844 

16843 

(4,6) 

6202.2 

3 

16119 

16119 

. (1.4) 

6172.0 

4 

16196 

16200 

(3,6) 

6069.9 

6 

16470 

16467 

(0,3) 

6039.6 

2 

16653 

16656 

(2,4) 

6016.2 

1 

16620 

16621 

(4.6) 

6789.6 

8 

17268 

17267 

(0,2) 

6643.9 

6 

17713 

17712 

(1,2) 

6612.5 

0 

17812 

17819 

(6,4) d 

6632.4 

3 

18071 

18074 

(0.1) 

6399.8 

2 

18614 

18519 

(1,1) 

6371.6 

2 

18612 

18612 

(6,3) 

5292.0 

1 

18891 

18889 

(0.0) 

6276.6 

0 

18947 

18956 

(2.1) d 

5266.5 

1 

19019 

19017 

(6,3) 


d*Di£Fasey measurement uncertain. 
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Aair in A 

Ini. 

^vae 

Obs. 

in cm“^ 

Calc. 

Classification 

5838.1 

1 

27124 

17133 

(0,9) d 

5590.0 

3 

17884 

17884 

(0,8) 

5409 . 5 

1 

18481 

18475 

(1,8) 

5360.1 

3 

18661 

18051 

(0.7) 

5302.0 

5 

18856 

18861 

(3,9) 

5250.4 

0 

19041 

19051 

(2,8) p 

5196.8 

0 

19237 

19238 

(1,7) 

5148.0 

6 

19420 

19421 

(0,6) 

5096.3 

3 

19617 

19616 

(3,8) 

5047.9 

2 

19805 

198U 

(2,7) p 

4949.7 

3 

20198 

20199 

(0,6) 

4904 . 7 

I 

20382 

20379 

(3,7) 

4859.3 

0 

20r>73 

20684 

(2,6) p 

4810.9 

2 

20780 

20785 

(1.6) 

4763.9 

5 

20985 

20984 

(0,4) 

4727.5 

1 

21147 

21149 

(3,6) 

4681.0 

1 

21352 

21362 

(2,6) p,d 

4634.6 

3 

21571 

21570 

(1,4) + 

4590.7 

5 

21777 

21777 

(0,3) + 

4557.4 

0 

21936 

21926 

(3,6) d 

4470.5 

4 

22363 

22363 

(1,3) 

4428.3 

4 

22576 

22577 

(0,2) + 

4360.2 

1 

22928 

22939 

(2,3) p 

4316.0 

I 

23163 

23163 

(1,2) 

4297.3 

0 

23264 

23263 

(4,4) 

4275,8 

0 

23381 

23384 

(0,1) AM 

4253.4 

2 

23504 

23504 

(3,3) 

4212.3 

2 

23733 

23739 

(2,2) p 

4112.9 

3 

24307 

24304 

(2,2) BM+ 

4074.3 

0 

24537 

24547 

(2,1) P 

4022.0 

1 

24856 

24856 

(4,2) 

3942.9 

0 

25355 

25362 

(2,0) p 

3936.5 

1 

25396 

25393 

(5,2) CM + 


d — Diffuse^ measurement tmcertain. 
p — Perturbation. 

+ — Observed by Connelly also. 

AM, BM, CM — Bands of Mahanti*s A, B and O systems. 
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TABLE III 


Xa/r A 

Int. 

1 

in cm"' 
Calc. 

Classification 

5009.2 

1 

19968 

19969 

(7,12) 

4923.0 

0 

20305 

20300 

(6,10) d 

4879.8 

1 

20487 

20487 

(4,9) 

4833.5 

2 

20679 

20683 

(3. 8) 

4783.1 

1 

20901 

20888 

(2.7) p 

4749.7 

0 

21048 

21048 

(5,9) 

4738.0 

0 

21100 

21100 

(1,6) 

4700.4 

3 

21242 

21242 

(4. 8) 

4062. 0 

3 

21444 

21446 

(3, 7) + 

4023.0 

0 

21022 

21012 

(6, 9) a 

4612.1 

2 

21070 

21658 

(2, 6) p, + 

4509.5 

2 

21878 

21878 

(1,6)C 

4543.1 

2 

22005 

22006 

(4, 7) + 

4522.6 

2 

22106 

22104 

(0, 4) + 

4409.1 

3 

22220 

22210 

(3, 6) + 

4452.6 

7 

22463 

22436 

(2, 5) p, CM 

4411.6 

7 

22661 

22663 

(1,4)G 

4389.1 

o 

22777 

22776 

(4, 6) + 

4366.1 

4 

22897 

22896 

(0. 3) BM 

4347.9 

1 

22993 

22994 

(3, 6) 

4302.2 

6 

23237 

23221 

(2. 4) p, CM 

4262.3 

9 

23465 

23455 

(1.3)C 

4218.8 

8 

23697 

23696 

(0, 2) BM 

4100.8 

2 

24027 

24013 

(2, 3) p, CM 

4145.9 

1 

24113 

24114 

(6. 5) 

4121.9 

7 

24264 

24256 

(1,2)C 

4107.7 

2 

24338 

24338 

(4. 4) d 

4079.9 

10 

25404 

24604 

(0, 1) BM 

4068,6 

2 

24672 

24672 

(3. 3)+ 

4026.9 

3 

24826 

24813 

(2. 2) p, CM 

4014.3 

1 

24904 

24899 

(6, 4) d, BM 
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TABLE III {conld.) 


Xair A 

Int. 

Vvoc 

Obs. 

in cim~^ 

Calo. 

Olassilication 

3978.8 

6 

2512(1 

25131 

(4, 3) BM 

3048.5 

8 

25319 

25319 

(0, 0) BM 

3899.3 

6 

25638 

25621 

(2, 1) p 

3863.5 

9 

25876 

; 25878 

(1.0) 

3855.4 

2 

25930 

. 25931 

(4, 2) d, BM 

3818.8 

5 

28179 

26179 

(3. 1) 

3779.9 

4 

20448 

2G436 

{i, 0) p, 4- 

3773.1 

1 

20490 

26492 

2) 

3738.9 

1 

20738 

26738 

(■1. 1) 

3703.2 

2 

26990 

26994 

(3, 0) 

cl — Diffuse. 

p — Perturbation. 

Observed by Connelly also. 

BM, CM — Bands of Mahanti’s B and C systems. 



TABLE IV 


Int. 

Vuac 

Obs. 

in em“"^ 

Calc. 

Classidcation 

4048.3 

1 

24695 

24696 

(4. 9) 

3879.6 

2 

26769 

26768 

(6, 8) 

3860.0 

1 

25994 

25993 

(6, 9) 

3704.5 

2 

26986 

26984 

(4. 6) 

3562.0 

0 

28059 

28057 

(6,6) 

3631.9 

2 

28305 

28303 

(6, 5) 

3501.8 

0 

28649 

28547 

(4. 4) 
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TABLE V 


hi A 

Int. 

'^air in A 

Int. 

5954.0 

2 

4463.1 

1 

5772.3 

2 

4139.2 

0 

5242.3 

1 

4056.4 

1 

6217.7 

2 

4039.6 

0 

6176.3 

3 

4006.3 

1 

4837.9 

0 

3762.3 

0 

4693.2 

1 




DISCUSSION 

The earlier work on the absorption sjiectrum of SnO molecule has established 
its groundjstate vibrational frequency to be 822.4 cm~^, Herzberg (1950). A glance 
on the expressions (1), (2) and (3), pertaining to the systems A, B and C, immediately 
reveals that they involve a common lower electronic state with a vibrational fre- 
quency of 822.4 cm~^. The new bands obtained in emission from the flame con- 
taining tin or tin compounds and arranged in the three systems referred to above, 
have therefore rightly been assigned to the diatomic oxide SnO. 

It is quite evident from the reproductions of the spectrograms that the main 
feature of the visible spectrum of SnO is the presence of mutually overlapping 
systems. While systems A and B are weak, 0 appears to be fairly strong. The 
systems B and C exhibit perturbations and it is to be noted that the t;' = 2 level 
is perturbed in both of them. The upper state vibrational frequencies of those 
systems are 453.0 cm~^ for A, 695,0 cm~^ for B and 561.0 cm~^ for C, respectively. 
Their comparison with the ground state vibrational frrquoncy indicates that the 
Condon parabola for the system A is expected to be more wide than those for B and 
C and the intensity distribution of the system A demonstrates that it is indeed 
so. . It is of interest to compare the results obtained by the authors with those 
of Mahanti (1931) and Connelly (1933). Mahanti proposed the formulae for the 
band heads, which he arranged in three different systems : 

System A (AA4490-3200) 

V =: 29630.6+586.0(v'+J)-~6.0(i;'+J)2~.824.0(v"+ J)+4.0(t;''+J)» ... (4) 

System B (AA4625.3860) 

V = 25418.6+637.0(v'+i)--^8.0(t;'+i)a-~824.0(f;-'+i)+4.0{w^+i)* ... (5) 

System 0 (AA4670--3930) 

y «= 24370.4+m0(v'+i)^4.0(«;'+4)8^81S.6{i;^+i)+6.6(f>^+J^^^^^^ V («) 
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It is to bo noted that Mahanti’s designatioil of Tarioos systems is not in con- 
formity with the modem speotrosoopic usage. tThe transitions oorre^onding to 

the above systems are shown at (a) in figure 7i. 

t 

It is evident from Mahanti’s classification |^xat the systems A and B arise 
from the common lower level described by him ai^ 'a’, the lower level of the system 
C was called as X and none of the electronic statis of this system were in common 
with those of A and B. As regards the grounJ state, Mahanti, on the basis of 
certain thermochemioal considerations, decided in^avour of X, a situation however 
not substantiated by any reliable spectrosoop^ evidence. Obviously the con- 
firmation of this interpretation rested heavily onfthe absorption studies. Should 
the above genesis of the C system be correct, nee^bss to say that it would be most 
natural to expect this transition in absorption. 

Connelly, however succeeded in producing tlie SnO spectrum in absorption 
as well as in emission. Examination of the absorption spectrum obtained by 
(bntielly revealed that only the bands of Mahanti’s system A could be traced and 
those belonging to B and C systems of Mahanti were conspicuous by their absence. 
As already remarked, according to Mahanti’s scheme of transitions, his S 3 rstem 
C must appear in absorption. Evidently, this fact is not observed by Connelly. 
It should further be noted that out of Mahanti’s A and B systems, both of which 
involve the common lower 8tate,if the former appears in absorption the latter 
should also appear. This situation is also not obtained by Coimelly. It is there- 
fore obvious that Mahanti’s interpretation of facts is not in conformity with the 
absorption studies due to Connolly. -It is to be noted that although Coimelly 
observed a much larger number of bands than Mahanti did, but he arranged 
most of them into only one system which was termed as D in order to distinguish 
it from Mahanti’s nomenclature. The system is well represented by the following 
expression due to Jevons (1938) ; 

Syatem D (AA4490 — 3070) 

V = 29624.9-f 682.6(v'-l-i)-3.08(v'4-J)*-0.136(v'-fi)»-822.4(t>'-i-i) 

+3.73(»'-l-i)» ... (8) 

Besides explaining a considerable number of new bands, the above expression also 
provides a satisferotory account of Mahanti’s A system. The scheme oS transi- 
tions suggested by (]!onnelly is depicted as (b) in Fig. 7. 

As regards Mahanti’s B and C systems, although Connelly confirmed the pre- 
sence of their principal bands in emission, yet he was doubtful about their exis- 
tence as parts of two separate systems, and he also questioned their associations 
with the ground state of the molecule. To the best of our information tiheae points 
have remained unresolved uptill now. However, due to the additional infwmation 
furnished by the present investigations a better picture of the situation oui now 
be presented. 

7 
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The levels obtained by the authors have been displayed in part (c) of figure 
7 where four transitions all terminating in the ground state have been observed. 



The state designated as D is the same as observed by Connelly and in addition 
three more levels C, B and A have been discovered. It is to be remembered that 
Mahanti’s level A corresponds to the present level D. 

From Table III it can be observed that almost all the prominent progressions 
belonging to Mahanti’s systems B and C have been satisfactorily incorporated in 
the present system C. Thus a single transition accounts for both these 

systems and in fact they do not exist separately. Evidently, this is what Connelly 
had also suggested. 

To complete the outline of the visible spectrum of SnO it will not be out of 
place to mention that Eisler and Barrow (1949) have referred to the unpublished 
work of Mrs. Richards who has observed the stronger bands of Mahanti’s B and C 
systems in absolution. This significant observation confirms that the lower state 
of the present transition C'~>X has rightly been identified to be the ground state of 
the molecule and Conncdly’s apprehensions on this score were ill-founded. Thus 
all the major descripancies in the interpretation of the visible spectrum of SnO 
apx>ear to have been removed and the present work can be considered to offer a 
more rational explanation of experimental facts. 

The unclassified bands in general are weak and do not form any progressions 
with oQSisistant differences. Although their interpretation at the moment is not 
possible, chances for another system of SnO in the visible region can, however, 
not be ruled out. 

A comparison of the information regarding the states of SnO molecule with 
those of the other heavy diatomic molecules, arisinjg out of the combination of 
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IVb and VIB subgroups of the periodic table, will form the part of a separate 
communication. 
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ABSTRACT. The o.p.r. measurements on Cu(NH 4 Se 04 ) 2 * 6H2O clearly indicato 
an orthorhombic distortion of the ligand field acting on the hexa-coordinated Cu®'^ ion. Assum- 
ing an orthorhombic ligand field of both second and fourth order, the expression for the prin- 
cipal orthorhombic gi- values and magnetic susceptibilities have been derived with due consi- 
deration of the presence of covalency overlap of the d-orbitals of the central metal atom with 
the electronic charge clouds of the ligand atoms. For reasons of complet^noss, the calcula- 
tion has been extended upto the 3rd order correction terms in the perturbation procedure 
adopting Pryce’s spin-Hamiltonion formalism, although these third order terms have betni 
neglected while fitting the theory with the experiments. Attempts have been made to fit 
the theory with the experiments of optical absorption, principal gr-tensora and magnetic aniso- 
tropies and moan susceptibility as best as possible by evaluating the values of certain para- 
meters appearing in the theoretical expressions. Important inferences have been drawn re- 
garding the remarkable variation of the anisotropic component of the ligand field with tempera- 
ture and the anisotropic reduction of the orbital moment and 8.0. coupling coefficient from 
their respective free ion values clue to the co valency effect . 

INTRODUCTION 

Recent e.p.r. measurements at room temperature in four copper Tutton salts 
(Bose et al 1964; Ghosh et al, 1965) have shown that the symmetry of the ligand 
field acting on the central Cu^^' ion in these crystals is perceptibly orthorhombic. 
This is in general consistent with the findings of Bleaney et al (1949) and Bagguley 
and Griffiths (1952) though for the want of a convenient and accurate method of 
determining orthorhombic gr- values and their orientations at that time, their e.p.r. 
data had to be often given in terms of g\\ and apparently indicating only an 
approximately uniaxial symmetry of the ligand field. The experiment of Bagguley 
and Griffiths on some dilute Cu^+ Tutton salts showed large changes in relative 
magnitudes of gr/s between SOO'^K and 90®K. 

Using a recent convenient method (Bose et dl, 1964) for determining accurately 
the magnitudes and orientations of orthorhombic g^/s in crystals, we have carried 
out e.p.r. measurements on Cu(NH 4 S 04 ) 2 * 6 H 20 at both liquid oxygen (~90®K) 
and room temperature ( 300°K) . In this salt and a few others unlike Cu(NH 4 S 04 ) 2 « 
6 H 2 O, magnetic measurements (Bose et al^ 1957) show very small changes with 
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temperature in the orientation of crystalline Xi and axes in the (010) plane, 
but with a tetragonal approximation the ionic anisotropy deviates from Curie 
law and the ionic orientations appear to change to some e^-xtent as the temperature 
varies. It would be interesting then with the powerful e.p.r. method at our dis- 
posal to probe into the actual nature of these ionic deviations and changes which 
have so little outward manifestations in the ciystalline behaviours. 

Polder’s theory (1942) of the susceptibility 0f Cu^^ ion assumed a purely elec- 
trostatic dipolar model of the octahedron whidi was considered to possess only 
a tetragonal distortion and could not properly assign the energy levels of the ligand 
field (Bose et al, 1957) primarily, owing to the iiaapplicability of the above model 
and the approximate nature of calculation from the available data on crystal 
structure, dipole moment and the radius of 3d otbit. Bleaney, Bowers and Pryce 
(1955) extended Abragam and Prycc^s theory (1951) to the octahedrally co-ordi- 
nated Cu2+ ion under the second order orthorhombic field to interpret the results 
of e.p.r. measurements. 

In the present work we have derived the theoretical expressions for the 
principal g-values and the susceptibilities for the octahedrally co-ordinated Cu^^ 
ion by assuming an orthorhombic field of both second and fourth order with due 
consideration of the presence of overlap between the central ion 3d-orbitals with 
the 5- and ^-orbitals of the neighbouring ligand atoms, resulting in the formation 
of molecular orbitals of the magnetic electrons in such complexes (Van Vleck, 1935, 
Stevens, 1953; Owen 1965). These theoretical expressions involve certain para- 
meters, connected with the ligand co-efficients and the overlap effect and attempts 
are then made to fit the theory uniquely with the experimental data by evaluating 
the reasonable values of these parameters, consistent with the other independent 
observation from optical absorption. This procedure of interpreting the experi- 
mental data leads to important inferences regarding the remarkable variation 
of the anisotropic part of the ligand field with temperature, and the anisotropic 
reduction of the S.O coefficient and the orbital moment from their respective 
free ion values due to the effect of oonvalency overlap. 

FINE STRUOTUKE ENERGY LEVELS OF THE 
LIGAND FIELD 

In a cubic field of Oji symmetry, the free ion ground state of Cu®-^ ion splits 
into an upper orbital triplet Tg^ and a lower orbital doublet Eg The superposed 
orthorhombic component of the ligand field lifts all the orbital degeneracies of both 
Tg and Eg, but S.O interaction has no effect on the lower cubic doublet Eg in the 
first order. Hence in our perturbation procedure, wo first apply the total ligand 
field inclusive of the anisptropio part on the free ion ground state and then adopt 
Pryce’s (1950) Spin Hamiltonian formalism for the calculation of gr- values and 
magneto susceptibilities. 
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Electronic configuration of Cu®+ ion being 3d*, the system can be oonreniently 
described in terms of a single hole in the completed 3d sub-shell. This hole is 
subjected to an orthorhombic potential given by 

6(a-4-6)iC*y* ... (1) 

In case of tetragonal symmetry about z axis, 

A ^ B and 

and the expression for V re^duces to that given by Abragam and Pryoe (1951) 
for tetragonal potential. 


Putting, 


= — <x', — ~-^= 8' 
2 2 

q+6 ^ _y a-b ^ 

2 ^ 


We get a convenient expression for F as follows : 

V — r*)+(r'(32*— r*)+#'(ar®— y*) 

+ 7 '( 22 <-a;*-y‘-l- 12x®y®-6y»z®-6a:®z*) 

-t-e'(a:*— y*+6y®z® — 6*®2®) (3) 

In (1) and (3) first the term represents the cubic component of the potential and 
remaining terms arise from the orthorhom bicity of the ligand field. The ligand 
field interaction for the d-hole is 

H, = +eV 

To find the eigen values of H„ and the corresponding eigen functiohs, we need to 
evaluate the matrix elements of H„ between the orbitally five-fold degenerate 
free ion states of the d-hole which are denoted by d±i , d ±2 the suffixes indicating 
the possible values. Matrix elements of the first four terms (i.e. with D', y', 
cr', S') in (3) can be easily calculated using Steven’s equivalent operator technique 
(Stevens, 1962) and noting that 

2z*-»«-y«+12!cV-fiy®z®-toV 

For the remaining term (i.e. with e') in (3), we note that 

e'(a!«-6**z»-I-6y*2*-y*) = -e' r*( F**-)- F-*.) 

3V10 
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Matrix element for this term can be easily caloulated with the help of Wigner 
co-efficient formula (Stevens, 1952). Thus operating H„ on d^, and d+j, and 
solving the relevant secular equation we get the following eigen values 


El = 6D-[36(<r-|-3y)H3(2i-e)2]* 

= 6i)-f [36(tr-i-3y)*-f-3{2<J-e)*]l 
= — 42)-)-6a— 24y ^ 

Et = -4i)-3<r-f 12y-(3<y+2e) 

JSg = _4D_3o-f 12y4-(33-f2e) 

and the corresponding eigen functions are 


where 





1 

V2 


= M« 

,-Oi 

1 

V2 


i 

~'V2 

(di- 

-d-t. 

= 

1 

V2 

-(di- 

-d-x] 

^6 = 

1 

“V2 



(5) 


5 


cr = eor'ar® 
S = e3'ar* 


y = ey'fir* 
e = ^y/nepe'r* 

O 


-=-24. f 


2 


corresponding to the configuration 3d^, 
since the system has been described in 
terms of hole. 


in which a and are the numerical factors appearing in Stevens’ equivalent opera- 
tors and p is the numerical factor appearing in Wigner coefficient formula for the 
matrices of the type 

<L = 2,M\i\Y\ -f rr*] 11/ = 2, JIf = ±2> 


fei _ 6(q--f 3y)^[36 (< r-f 3y)»-f 3(2^-e)«]* 

Oi 


0*1 -|“ 6*1 =s 1 



290 U. 8. Qhosh, R. N. Bagchi, A. K. Pal and 8. N. Mitra 

For octahedral co-ordination the cubic field parameter D is negative (D' being 
negative and /i positive). Moreover under cubic field alone (<r = ^ = y = e = 0 ), 
it is evident from ( 4 ) that the original five fold degenerate free ion states of the 
d-holc split up into lower orbital doublet Eg of energy &D and an upper orbital 
triplet T2g of energy — 4 D, the overall cubic field separation being lOD. In the 
superposed orthorhombic field the cubic orbital doublet and triplet levels split 
up into two and three levels respectively, the orbital degeneracy being thus com- 
pletely removed. Further it will be seen from ( 4 ) that in the orthorhombic field, 
mean centre of the three split comj>onent8 (^3, ^5) of the cubic triplet T^g 

lies at — 4 D which is also the energy value of the cubic tiplet and that of 
the two split components t/r^) of the cubic doublet Eg lies at 6D, the energy 
value of the cubic doublet Eg. This has resulted from the particular choice of the 
form of expression for the orthohrombic potential V, Thus the separation of the 
mean centres mentioned above, is lOD which is also the cubic field splitting 
and this fact will be taken into considertion while evaluating the parameter D 
from optical absorption spectrum. 

Assuming the orthorhombic distortion of the octahedron to be small, 
with energy E^ is evidently the lowest level, ijr2 lies next and the relative order 
of ^3, v 5^4, ^6 depends on the sign and magnitudes of the parameters D, c, S, y 
and e. The fitting of experimental data, shown later also justifies our assumption 
regarding the relative order of the ligand field levels 

Calcvlaiion of g-values 

The ligand field energy states (6) can be expressed in term of real d-orbitals 
which can replace the combination of d function in (6) as follows : 

- (<^24-d_2) s 
^2 (*^2 *^- 2 ) = 

(di-fd.i) = dyi 

The suffixes etc. on the R.H.S. represent the angular parts of the real 

(i-orbitals. Now, the orbitals in the complex are not pure atomic d-orbitals, they 
are considerably modified by appropriate combination of ligand <r and n orbitals. 
These modifications are now taken into consideration while calculating the g- 
values and magnetic susceptibility. 
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Denoting a molecular orbital by a {i-function with the suffix same as that for 
the original real d-orbital, the fine structure energy states (5) is now written as 

^2 = ••• (®) 

’i''a ~ 

*A = 

Tlve S.O. interaction haa no effect in the fltst order on the lowest orbital 
singlet and hence for the calculation of gr-valite and magnetic susceptibility we 
adopt Pryco’s Spin Hamiltonian formalism (Pryoe, 1950). The Spin Hamiltonian 
is given by 




<(^ 1 1 g* »n ) > <{'*n I H' I ^i)> 

gfl— 


4- 2 S <(^1 1 I ^m> <^m\S'\ ^„> <^nl g' I ^i)> 


_s 1 g1 ^n><»n 1 I g1 »i> {^. 

Ml {g«-gi)* ■” ^ ^ 

where H* stands for the perturbation ^L.S+jSH{L+2S) in which f is the S.O. 
coupling oooflSoient for the free ion, and the various matrix elements of the typo 
<^j I ir I ^i;> occuring in (7) imply that states S^’s are acted on only by the orbital 
operators appearing in the expression for the perturbation H', While evaluation 
various matrices of the type \ the relationship between two types 

of matrices of the operators L and one calculated betw’^een the atomic d-orbitals 
and the other between the corresponding molecular orbitals, are given as follows 
(Low, 1960) : 

<m\u\m> “ <d(p)iLi\m> ^ o 

<^(t) 1 Li\4^(r)> - ki<d{T) I Li | d{r)> 

<^) I Lt 1 ^(t)> = ki'<d{p) I If, I d(T)> 

<i>iP)\{;Li\m>^o 

<?Kt) I ^tW(T)> =. iJ.<rf(T) 1 CL, I d{T)> 

<m I liLi 1 0(r)> = Bi'<d{p) 1 CL, 1 rf(r)> 

where i = x,y, 2 ; ^(r) and ^(/>) represent tfae molecular orbitals 
and resulting fix>m tbs modification of the corresponding atomic 

8 
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orbitals d{T)(d^, dy^, d,„) and d(p)(dg^Kr\ respectively. The kt'a and JJtS, are 

known as the orbital reduction and S.O. coupling reduction factors respectively 
arising from the covaloncy effect, and these are considered to partake of the 
symmetry of the ligand field. Evaluating the matrices in (7) we finally get the 
expression for the Spin Hamiltonian expressed as a polynomical in spin variables 
only and this will operate on the spin states 1 8^ = and ] /S* = — Thus 
the Spin Hamiltonian for H\\z becomes 

+2i(A,K'^^8,8y-X,R'y\%S,)]-y>y^m ... (8) 

For H\\x 

H.{x) - 2m^.a-^i^'xk'.-^r'n\n',k,~X^B\R2k',-X^]i'yE,k'J 

+2i(\,B\^Sy8,-X,R''^S^S,]-^,fi^H^ ... (9) 

and for H||y 

II,{y) = 2 fiH[Sy{i-U 2 lt'yk’y+XiRJt'J:^+A^R'J(’JCy-X^RJ{'Jc’y) 

+2i{X^'/8,8,-A,R'j8,8,)]-vp^m ... (10) 


where 


{a,V3+b,n „ _ («iV8-6i)*? „ _ (OxV5z:6i)5 

JP TP ' ^ TP TP ' * TP TP * 

xvj— ‘J&j xyg — jG/| — xJ/j 


_ fci(aiV3-6i)r , _ b,{a,V3+btK^ , _ (^-bi^K^ 

(E,-EM-Ej) ’ * (E^-Ei)[E,-E,) ’ » ~2{E,-EJ{E,-E~) 


, _{aV3-bi)%^ , „ 6x»S* 

^ li(Es-Ei)^ ’ ® '2{Ei-Eif ' * (E3-E1)® 


_ (aiV3+6i)**«'^ _ {a,^3-b,ny'^ 

TP TP vy - = f 

XVg /Vj Jll^ jCSf 




E^—Ei 


In equations (8), (9) and (10), terms independent of H have been omitted since 
they do not produce any zero field splitting of the Kramers degenerate spin states 
of = ±1/2. The last terra in each of the above equations also does not produce 
any splitting of the degenerate components and is not important in the calculation 
of p- values, but this being dependent on ass u mes much importance in the cal- 
culation of susceptibility constituting the temperature independent paramagnetism 
and hence is retained. 

Operating on the spin states | i> and | — i)> with the Hamiltonian H,{x) we 
get a secular matrix which on diagonalization gives the following energy values 
for Hll*. 
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Thus is given by 

-X^R\RJc\-AS'v^-K^z^] ... (11) 

The expression for energy values W+{x) are now suitably written as 

Tr±(*) = ... (12) 

Similar calculation for H\\y gives 

... ( 13 ) 

Qy = 2[1 -u^R'yk'y+X^RJt'Je'y+XSmR'zk'y-AyR'Jt'Jc'y-X^R'„^-X^B'^i\ ( 14 ) 
and for JTH z 

W^{z) = - ±ig,/iH ... ( 15 ) 

fif, = 2 [l-ttgR',*:', + AiRyia*'*-A2R„R'afc'*+A3RVR'«fcz 

-A^RV-A^RV] ... ( 16 ) 

Cahulation of susceptibility 

The general expression for gr^-ionic susceptibility is given by 

V diF(t) / ir(t)\ 

N 2^ dU ^ \ icT j 

TT sr / ^(*)\ 

Lt 
H^i) 

(i == x,y, or 2) 

The limit can bo easily evaluatd using L' Hospital’s rule in our case since the ex- 
pression reduces to the indeterminate form ^ if m'^o put H = 0. Thus the expres- 
sion for susceptibility along the three directions x, y and z reduces to 

W • ? + 

The mean susceptibility is then given by 

T^^K^mK,^Ky+K,) ... ( 19 ) 

RESULTS AND DISCUSSIONS 

Cu(NH4Se04)2.6Hg0 belongs to the monoclinio system (space group P2 i,b) 
and contains two magnetically ineqnivalent ions in the unit cell as known from 
c.p.r. experiments and also from the recent X-ray strucure analysis of the isomor- 
phous nickel, Tutton salts (Morosin and Lingafelter, 1964 ). Orientation of one 
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ion (the paramagnetic complex) can be derived from the other by reflection in 
the (010) plane. The moan magnetic susceptibility Jf and principal crystalline 
anisotropies (^ 1 —^: 2 ) and (Xi—Xa) accurately determined between 

300°£ and 90°K in our laboratory (Bose et al, 1967 Ghosh" to be published). 
Further, the pinoipal p-tensors and their orientations have been determined here 
by the accurate e.p.r. technique (described elsewhere, Bose et al, 1964) both at 
room temperature and 90®K (Table I). The calculated values of cr 3 rstalline ani- 
sotropies and mean susceptibility in Table II have been obtained by using equations 
(18), (19) and the following relation : 

Xf= S Kiii\ (i=l,2,3) 

where /*</ is the direction cosine of Ki with Xi- The values of /ty at room tempera- 
ture and 90‘'K are furnished by our o.p.r. measurements at the two temperatures, 
presuming of course that the direction of are eoincident with those of j/i’s. 
The overall changes of fiijB are found to be not very large. Therefore, at inter- 
mediate temperatures they have been assumed to have intermediate values between 
those at 90°K and 300°K, obtained by linear interpolation, consistent with the 
orthogonality relations between them. 

TABLE I 

The principal gr-tensors and their orientations in Cu(NH 4 Se 04 ) 2 . 6 Ha 0 
crystals from e.p.r. measurements (a, b, are the principal crystallo- 
graphic axes). 


a. Temperature 300°K 


Principal 

gr-tensors 


angles with respect to 



Xa 

Xa^b 

a 

Jf,= 08 = 2. 123 

64^9 

40". 6 

lie®. 3 

36°. 6 

~ 2 . 0^2 

63". 1 

130M 

128". 0 

92°. 2 

2 . 39^ 

38". 3 

86“.9 

51". 9 

63°. 6 


b. Temperature 90®K 


ikngles with roqiect to 
Principal 


g-tonsors 

Xi 

Xa 

X 

ca 

III 

0 - 

a 

2 . 12 q 

60° 

62". 4 

137" 

47"2 

2.06, 

7l°4 

167"! 

no"3 

107®6 

9*«*G^3«2.40o 

S 6°8 

85"4 

63" 

48" 
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The X, y and z axes of the ion have been chosen in such a way that it gives the 
closest fit of the theory with the experimental results (Table II). The z and y 
axes are thus found to correspond to the direetions of the highest and lowest 
gr-tensors respectively. This is quite consistent with the previously observed 
fact that under tetragonal approximation g'||(= is greater than ^Vi(9*»+9*v) 
(Bleaney et al, 1949; Bose ct at 1957). 

It has been found on actual calculation that, the third order terms in gr- values 
are very small eontributing less than 0.6 per eent of the total and hence those are 
neglected. Then the number of parameters ap^aring in the theoretical expres- 
sions for gr-values, magnetic susceptibilities and ligand field energy levels reduces to 
eleven viz, D, <r, <J, y, e, k'„, k'y, k'f, R'x, R'y and R'z. The relative values of Jfci’s 
and those of iJj’s {i = x, y, z) are, of course, dependent on the lower s 3 rmmotrio 
field parameters cr, 8, y and e although they may not be explicitly expressible in 
terms of the latter. The cubic field parameter D is readily furnished by the optical 
absorption experiment on aquous solution of some cupric salts (Dreisch and Trom- 
raer, 1937; Mookerjee et al, 1969) in which the Cu*+ ion is also eo-ordinated by 
six water molecules as in copper Tutton salts. The experiments show a broad peak 
at 12,300 cm“^ which does not vary much from salt to salt and with temperature 
and may be considered to correspond approximately to a transition from the mean 
centre of the split components of JS^ to that of the split component of T^g in the 
orthorhombic field, the separation between the mean centres being lOD. The 
few other peaks occurring at much higher frequencies such as 17000 cm"^, 35,000 
cm~^ etc. are supposed to arise from charge transfer processes and not from transi- 
tions between ligand field levels. Having thus found the parameter D, the remain- 
ing ten parameters are then adjusted by trial so as to fit the experiments of suscep- 
tibility, anisotropy and g-valucs as best as possible, taking the values at 90°K 
to be the standard and making the deviations between calculated and observed 
values at other temperatures as small as possible. The flexibility of the choice of 
covalency parameters k(' ’s and iJ/’s is limited by the condition that they lie between 
0.5 and 1 . Extensive trial and error computations have shown that it is possible to 
fit the theory exactly with the experiments only at one temperature and not at 
all temperatures. The reason for the particular choice of the temperature 
at whieh the theory has been made to fit the experiments almost exactly is that at 
this temperature the experimental results are very accurate; the signal to noise 
ratio and the sharpness of resonance signal as well as the percentage accuracy of 
the anisotropy and susceptibility measurements are very high. In this procedure 
of evaluation of the parameters, we assume them to bo constant with temperature. 
However, some of them, especially the anisotropic field parameters <r, 8, y and e 
may change by a large amount as the temperature varies but for the moment 
we consider them to remain the same, as otherwise the solution of the parameters 
from the given experimental data become non-unique. 
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TABLE II 

Values of the parameters showing the closest lit between the calculated 
and observed results for Cu(NH4Sc04)2.6Hjj0 

/) = — 1230 (T — — 98 cm~^, y = — 6 5 = 14 € = 64cm~^ 

- 0.80, k/y^ 0.85, k'2^ 0.84, R'^= 0.91, .R'y= 0.80, 0.84 

f = -^829 cm~^ (free ion value) 

a. Spectroscopic splitting factors 



Thooretic^al 
(Boat fitting - 

Experimental 

ut OO^^K) 

at 300°K 

at 90*^K 

Ox 

2.113 

2.123 

2 .l 2 o 

Oy 

2.073 

2 .or,j 

CO 

CD 

0 

Ot 

2.400 

2.393 

2.400 


b. Susceptibilities 


Temperature 

(Xi- 

-X 2 ) X 10« 

(Xt- 

■Xa) X 10® 

X xio® 

Thoo 

Expori^ 

Theo 

Experi* 

Theo 

Experi* 

90'’K 

1053 

1054 

443 

445.5 

5103 

5101 

140"K 

685 

602.1 

270 

276.5 

3285 

3281 

200‘^K 

475 

486.0 

197 

182.1 

2330 

2320 

240"K 

307 

405.3 

154 

146 

1040 

1943 

300'^K 

317 

322 

128 

112 

1574 

1566 


*Rxperimontal roaulta for cry-stallhio anisotropies are taken from the measurements <>1 
Bose et nl (1067) 

t K^xperimentul values of mean suaoeptibilities are taken from the maRnotie measurements 
(unpublished) of P.K. Ghosh. 

The parameters best suited to fit the theory with the experimental results 
are shown in table II. The results indicate an appreciable anisotropic covalency 
overlap of the ligand charges with the charge cloud of the central metal atom as 
indicated by the values = 0.86 k'y = 0.86, k '2 = 0.84 for the orbital reduction 
as also R\ = 0.91, R',, = 0.80, J?'^ = 0.84 for the S.O. reduction factors. Due 
to the covalency effect, the orbital moment is reduced by 14,16 and 16 percent 
and S.O. coupling coefficient by 9,20 and 16 per cent along x, y and z directioiis 
respectively, from the free ion values. It is to be noted that while the calculated 
values of mean susceptibility at different temperatures agree to within 0.6 per cent 
of the experimental results, those of magnetic anisotropy systematically deviate 
by an amount changing from zero at 90®K up to a maximum of about 12.6 per cent 


Orthorhombic Ligand Field Thmry of the Magnetic, etc. 297 


at 300®K from the experimental values. The a^ecment between theoretical and 
experimental values has been made closest at in our investigation for reasons 
mentioned earlier. But there still exist systematically increasing discrepancies 
for both the mean as well as the anisotropy as the temperature rises and these must 
bo attributed to the fact that the lower symmetric field parameters cr, S, y and e 
which have been considered so far as temperature independent must bo appreciably 
varying with temperature. This is also corroborated by the earlier findings of 
Bose et al (1957) on copper Tutton salts. As a inatter of fact, the variation of 
anisotropic field parameters with temperature is quite evident from our measure- 
ment of gr-values at the two temperatures and 300°K, The paramagnetic 
resonance experiment which offers a direct probe into the paramagnetic complex 
clearly shows the variation although small of the principal gf-valucs and hence the 
variation of anisotoropic ligand field splittings with temperature. Moreover, the 
(\p.r. measurement shows that the paramagnetic complex changes its orientations 
with temperature very perceptibly at least in the ary-plane. With orientational 
changes, the packing in the lattice must be changing and hence the anisotropic 
X)art of the ligand field (Van Vlcck, 1939 Bose et al 1967). The effect may be vice 
versa in the sense that the change of the ligand field may also cause orientational 
changes. 

In the absence of sufficient data at different temperatures from other inde- 
pendent sources it is not possible to fit uniquely the experimental magnetic data 
alone assuming the anisotropic field parameters to vary with temperature. It is, 
however, enough for the present purpose in spite of several simplifying approxi- 
mations to indicate the systematic change in the anisotropic component of the 
ligand field with temperature. It may be mentioned in closing that the ionic 
anisotropy vs. inverse temperature curve theoretically follows a straight lino but 
experimentally deviates from linearity. The neglect of the 3rd order terms in 
gt mentioned earlier will cause a constant but small difference in the values of 
Oi at all temperatures and hence only a slight change in the inclination of the above 
theoretical curve without introducing any curvature. Thus, the neglect of third 
order terms in no way can explain the systematically increasing deviation from 
the expected Curio law. Moreover resonance line-width experiments (Bleaney 
ci al, 1949) show that exchange interaction in these dilute Cu^^ salts is too small 
(<0°,1K) to explain the deviation. 
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ELECTRONIC ABSORPTION SPECTRA OF 2-, 4-, 6- 
AND 7-METHYL QUINOLINE VAPOURS 
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(Plate 4 and 6) 

abstract. Tho near ultraviolet absorption speotra of four methyl -substituted quino- 
lines, namely, 2-, 4-, 6-and 7-raethyl quinolines, have been photographed for the first time 
iTi tho vapour state. Tho spectra of these molooulos o(»cur approximately in tho region x3200— 
X2800A and consist in each molecule of 10 to 15 rather broad, rod-degraded bands. With the 
Jlaman and infra-red data on these molecules available in tho literature, tho speotra have 
])een analysed. The most intense bands at the longest wavelength side are chosen as (0,0) 
hands and their wave numbers are 31999, 321.52, 31759 and 31836 om"'^ for 2-, 4-, 6- and 7- 
inethyl quinolines respectively. No ground state frequencies have been recorded in these 
molecules despite tho wide range of experimental conditions of study of the si)ecira, exo<=^pt 
for three weak fundamentals in 2-methyl quinoline. The fundamentals obtained in this work 
in e^icli molecule account for most of the bands in the speotnim. The results obtained are 
reported and discussed. 


INTRODUCTION 

Although a good deal of work has been done on the ultraviolet absorption 
spectra in the vapour state of benzene and substituted benzenes, relatively not 
ijiucli work has been done on two-ring molecules and, in particular, on heatero- 
atomic two-ring compounds. Therefore it was thought worth while to investigate 
in the vapour state the electronic absorption spectra of some of these hetcroatomic 
molecules with two fused six-membered rings. As a first step in that direction, 
the near ultraviolet absorption spoctra of four methyl-substituted quinolines, 
namely, 2-, 4-, 6- and 7-methyl quinolines have been investigated in the vapour 
state for the first time. The ultraviolet absorption spectra of these methyl 
quinolines have been studied in solution before (Knight d al. 1955; Pickard 
d al. 1947) and Amax (wavelength of maximum absorption) and 6(extmctiou 
coefficient) reported. The infra-red spectra of all these molecules have been 
investigated by Shindo and Ikeawa, (1966), Shindo, (1960) and Katritzky 
and Alan Jones (1960), while the Raman spectra of only 2- and 4-methyl quino- 
lines have been reported in the literature Luther and Reichol, 1960; Jatkar 
Kulkami 1936). A preliminary note reporting the results of our investigation 
of the ultraviolet speotra in the vapour state of these four moleciiles has been 
published (Shashidhar etal. 1966). In this paper are reported the details of 

the investigation. 
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E X P E K I M E N T A l, 

The samples of 2-, 4-, 6- and 7-methyl quinolines used in this investigation 
wore supplied by Light and Co, England and were stated to be very pure. The boil- 
ing points of 2-, 4-, 6-and 7-mcthyl quinolines were 246®C, 268°C, 262®C, 248°C 
respectively. They were further purified by distillation in vacuum and the dis- 
tilled products were used for work. Using absorption cells of lengths 6, 10, 26, 
50, 76, 100, 160, 176 and 200 cm (the cells of the first three lengths were of quartz 
and the longer ones were of pyrex with pyrex to quartz graded seals), varying the 
temperature from that of the room to 200°C and eliminating the possibility at 
higher temperatures of the vapour condensing on the windows by keeping the 
main body of the absorption cell at about 10®C higher in temperature than the liquid 
container, spectra were photographed under conditions of saturated vapour pressure 
on a Hilgor medium quartz spectrograph using Ilford R-40 and G-30 plates. 
A Hilger deuterium-filled lamp run on a stabilized power supply served as the 
source of continuum. The exposure time varied from about half an hour to a few 
hours. The bands were measured on five different spectrograms with reference 
to iron standards and the wavelengths computed with Hartmann’s dispersion 
formula. The mean value of the different determinations was taken for the wave- 
length of each band. Because the bands are rather broad, the accuracy is esti- 
mated to be in general about 10 cm"^. 

RESULTS AND ANALYSIS 

The electronic absorption bands of the methyl quinolines studied occur approxi- 
mately in the region A2800 to A320 oA. The bands are rather borad and degraded 
to the red. In all these molecules the minimum number of bands was obtained 
at room temperature with a path length of 26 cm. The most intense band at the 
longest wavelength in each molecule has been taken as the (0,0) band. With the 
(0, 0) band chosen in this way the bands of each molecules have been analysed 
with the help of the existing Raman and infra-red data. The wave numbers of 
the bands in vaduum, the visual estimates of their relative intensities, their sepa- 
rations in cm~^ from the (0,0) band and their assignments are given in tables 
I, II, III and IV for 2-, 4-, 6- and 7-methyl quinolines respectively. Plates (4A, 
4B, 6A and 6B) give enlarged reproductions of the spectra of the molecules 
investigated. 


DISCUSSION 

Each of the molecules studied in this work has a plane of symmetry which is 
the plane of the molecule, assuming the methyl group to be a sin^e unit and 
therefore, they all belong to the point group, 0,. The observed band system in 
each of these molecules which corresponds to the forbidden transition in benzene, 
is ascribed to M'— which becomes allowed because of 
reduction in S 3 rmm 6 try. It seems probable that in these molecules just jas in the 
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case of quinoline vapour, there may also occur an n-n* system almost in the same 
region. We think, however, that the bands of th« n~n* transition may be masked 
by the stronger, observed n—n* bands and that they are likely to contribute 
more to the background absorption in this regioti. 

Ultra-violet absorption spectra of Methyl Qhinolines in the vapour state 

TABLE I ^ 

2-methyl Quinoli^ 


Wave number in om~^ 

Intensity 

Separa$on 

in 

from (0,0) 
ban4 

Assignment 

31280 

0 

-719* 

0,0-719 

31473 

0 

-~520 

0,0-526 

31535 

0 

— 464 

0,0-464 

[31659 

0 

-340 

0,0—719 + 442 

31999 

6 

0 

0,0 

33212 

0 

213 

0,0+614-464 

32441 

1 

442 

0,0+442 

32673 

2 

674 

0,0+674 

32937 

1 

938 

0,0+938 

.33184 

0 

1185 

0,0+1185 

33350 

2 

1351 

0,0+1351 

33436 

8 

1437 

0,0+1437 

34035 

1 

2036 

0,0+1351+674 

,34718 

1 

2710 

0,0+2x1351 

35390 

0 

.3391 

0,0+2x1351+674 


•The error in measurement of this band is believed to be more be^ 
cause of its diffuseness and low intensity. 


In all these molecules, there are two strong upper state frequencies which 
are progression-forming and also occur in combinations, the higher frequency 
being more intense. Each of them has about the same value in all the four mole- 
cules and they are : 674, 1361; 662, 1371; 678, 1373 and 666, 1371 in 2-, 4-. 6- and 
7-methyl quinolines respectively. The more intense one around 1370 cm~^/may 
be a totally symmetric C-C stretching vibration (Gama C stretching) corresponding 
to the strong Raman frequencies 1376 om~^ in naphthalene and 1372 cm"^ in quino# 
line. The other one around 670 cm“^ may be a totally symmetric vibration cor- 
fcsponding to the sbxmg in -plane -skeletal-distorticHi Raman firequenoies 760 
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TABLE II 
4-methyl Quinoline 


Wave niimbor in cm“^ 

Intensity 

Separation 
in om”! 
from (0,0) 
band 

Assignment 

31871 

0 

--281 


32032 

0 

~120 


32152 

6 

0 

0,0 

32602 

1 

640 

0,0 -f 540 

32814 

0 

662 

0,0+662 

33160 

1 

999 

0,0+999 

33347 

0 

1195 

0.0+1195 

33523 

2 

1371 

0,0 f 1371 

34144 

1 

1992 

0,0+2x999 

34804 

0 

2662 

0,0 + 2x999 + 662 


TABLE III 



6-methyl quinoline 


Wave number in 

Intensity 

Separation 
in cm“^ 
from (0,0) 
band 

Assignment 

31416 

0 

-344 


31676 

0 

— 184 


31769 

6 

0 

0,0 

32031 

0 

272 


32205 

0 

506 

0,0 + 606 

32437 

1 

678 

0,0 + 678 

32624 

0 

865 

0,0 + 865 

32826 

0 

1067 

0,0+1067 

33132 

2 

1373 

0,0+1373 

33636 

0 

1877 

0,0 + 1373 + 606 

33839 

0 

2080 

0,0+1373 + 678 

34498 

0 

2739 

0,0+2x1373 
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TABLE rv 
7-methyl Quinoline 


Wave nurabor in cm” 

Intensity 

Separation 
in onl^i 
frlm (0,0) 
band 

Assignment 

31603 

0 

-3^ 



31639 

0 

-m 



31836 

6 

0 

0,0 


31931 

0 

95 



32237 

0 

401 

0,04-401 

32492 

J 

B56 

0,0 1 

650 

32932 

0 

1096 

0,04-1096 

33207 

2 

1371 

0,04-1371 

33583 

0 

1747 

0,04 1096 -i 656 

33864 

0 

2018 

0,04-1371 4-656 

34571 

0 

2735 

0,0 

2X 1371 

36208 

0 

3372 

0,04' 

2x1371+656 

TABLE V 





uyjper state 

Molecule 

OrouncI state frequencies 

in cm-i 

frequencies 


ultra-violet 

liaman 

Infra-red 

1 ( Present 


absorption 



work) 


( Present 



in om”'i 


work) 




2<mothyl quinoline 

464(0) 

466(4) 

— 

442(1) 


626(0) 

622(6) 

— 

— 


719(0) 

769(6) 

— 

674(2) 


— 

1011(3) 

1016 

938(1) 


— 

1270(1) 

1254 

1186(0) 


— . 

1372(7) 

1380 

1361(3) 


— ■ 

1465(2) 

1473 

1437(3) 

4-methyl quinoline 



665(7) 

— 

640(1) 


— 

705(8) 

— 

662(0) 


— 

1068(6) 

— 

999(1) 


— 

— 

1294 

1196(0) 


— 

1361(8) 

1361 

1371(2) 

6-methyl quinoline 






606(0) 


— 

— 

— 

678(1) 


— 

— 

— 

865(0) 


— 

— 

1145 

1067(0) 


— 

— 

1376 

1373(2) 

7-methyl quinoline 




— 

401(0) 


— 

— 

— 

666(1) 


— 

— 

1139 

1096(0) 


— 

— 

1386 

1371(2) 
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and 768 cm"^ in naphthalene and quinoline respectively. In the 2- and 4-methy 
quinolines, the corresponding Raman frequencies are 769(6), 1372(7) and 706(8), 
1361(8) respectively. While the lower frequency has desoreased in the upper 
states of these molecules, the higher one seems to remain almost unchanged. 

It has not been possible to assign two to three bands in three of these spectra 
because, despite the fact that the spectra have been taken under all possible ex- 
perimental conditions, no ground state fundamentals have been obtained for these 
molecules. 

The correlations between the frequencies obtained in this work and the Raman 
and the infra-red data where available are shown in Table V, in which are also given 
for comparison, the corresponding data of naphthalene, [?7,F— absorption data : 
(Sporer and Cooper, 1966); Raman and Infra-red data : (Lippincott and O’ Reilly, 
1956)]. 

The infra-red data of these molecules in the literature are not available to 
us. The infra-red data given in the Table are solution data taken from Katritzk- 
and Alan Jones. They are not actually of methyl quinolines but are values ob- 
tained by the authors from their infra-red solution measurements on many substi 
tuted quinolines including the different methyl quinolines. They are, however, 
believed to be useful enough for correlation purposes since the authors state that 
the positions of these bands are relatively constant for different substituents while 
their intensities vary with the substituent. Therefore their intensities are not 
given in the table 
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ON THE CLASSICAL RADIATION BY AN ELECTRON IN 
UNIFORM CIRCULAR MOTION IN THE FORM 
OF MULTIPOLES 

T. P. KHAN 

D. A. CoLLBaiS, Oabia, 24-rABOANA8, West Bengal, IMDIA. 

(Received September 16, 1866j. 

INTRODUCTION 

The problem of classical radiation by electron in uniform circular motion 
was extensively discussed by Schott (1912). While Schott’s interest was to 
explain atomic structure Schwinger (1912) repeated that analysis of the same 
])roblora to find out the maximum energy limit to bo obtained by synchro- 
eyclotron. In this paper attempt has been made to obtain classical radiation by 
electron in uniform circular motion in the form of multipoles. An electric 
charge within the medium of dielectric constant e is moving in a circular orbit 
of radius B with constant angular velocity Wq. The motion is assumed to be con- 
fined in a plane and the angular distributions of the radiation have been obtained 
after integration of the usual energy term on the surface of a sphere. 

Spherical ivave sohiiion of Maxwdl’s Equaiion : 

The Maxwell’s equations for a source moving in a circular orbit of radius R 
and constant angular velocity cog in the medium of dielectric constant e, 


U— 


VV 


51* 


T'’ 


( 1 ) 


V*A- 


£ 

c* 


51 ® 



... ( 2 ) 


where A, p, J have their usual meaning. Out of these two equations (1) and 

305 



306 


Letters to the Editor 


(2) solution of single equation is enough to determine the two quantities A, 
since {5, A are related by the Guage 

c 

The potentials §5, .4, and the source density p(x), J{x) are transformed in space 
and time according to the general rule of Fourier transforms. 

F{x, t) “ 

(Zny 

and the equations (1) and (2) are transformed into 

T 


\ j A{K, 6>) 


4n 

W 


J(K, to) 


... ( 4 ) 


with reference to a spherical polar co-ordinate system we assign the position of 
the charged particle at any instant to be at (jR, to<^, 7r/2) while the position of ob- 
servation point has the co-ordinate (r, 0, 0). 

From the knowledge of Fourier transforms (Morse et al). 


P{K,(m)~ ^ ^e-ikB{sinucoB(uf,t-v)']—iwt^t ... ( 5 ) 

substituting (6) in (3) and applying the same technique of Fourier transforms, 
wo obtain 


9^(w) =" 


2e 

e(o)) 


1 

(2ff)«/* 


J/e»A'.x 


—iKli [sin u eos d^K dt 


= 21 S a„»„3(6.-mcoo)eW/)2‘{cosd)j„(V^“i2)/i„ ... (6) 

MuUipole Expansion of the Ekctromagnelic fields 

The components of the Electromagnetic fields in (r, tf>, 6) directions 

VAr^O 

E = — L ^1. 

* G dt r d(f> dt r d'<f ' 

^ ^ _ 1 m 

® f sin ^ dd 


•; ^tf = o 
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dAip e V d(t> 

r sin ^ dO ~ V r sin 4> dO 

Hf =0 


Hg = A A (rA4>) = ^ I (r<D) 

" r dr cr dr ’ 

From (6) 4>(<) is obtained from the rule of Fourier transform 
^(0 = “TiT" X (2(i> as 

■\/Zn 


4 >(«) = I® ^gA^ ) 

For energy transfer in the radial direction wc require only and Hg, which are 
when expanded in multipoles, 

E^n, m = +im^~ Og — ~ j^nm(0 


SS 0 ), 


e(27r)* Lc2 " r 


SSam„e“»'««o<xc‘“*’P„"* (cosd) 


ij Bmt io Y 

y jnW^P) *-<"+» e 

ygmcJo ^ 


... (7) 


^ ^nm(0 neglecting other terms, 
c or 




... ( 8 ) 


Artgvhir distribviion of muUipole radiation 

The electromagnetic fields as obtained from (7) and (8) when terms upto 

^Aj are retained 

j„{Vem/?)c‘«'P„«(co8d) 




pitjtfiwo 


jg{‘\/emP)e*”^ P,"‘(oo8^) 


10 
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The time averaged power radiated per unit solid angle is 

The table lists some of the simider angular distributions. 


m 

±1 ±2 

1 

Dipole 


2 

Quadrupole 

4(1-3cos2^? (1-C08«<?) 

10 lOTT 

+4 cos*<?) 


The author expresses thanks to Dr. T, Roy of Jadavpur University for 
guidance and encouragement. 
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POSSIBILITY OF A REAL PEVIATION FROM 

faraday^s law of electrolysis 

S. R. PALIT 

Dkpatitmisnt of Pjiysical Chemisthy, IjjIPian Association fob the 
Cultivation of Science, Jadav^eb, OALCtTTTA-32 

(Received Ajiril 15, 1967) 

It has been observed by the author (Palit 1962a, b, 1963) that at a fixed 
voltage ih(j current changes considerably on making the electrolyte flow past 
the electrodes, particularly so, if the clectrolute is a weak conductor. It appears 
that some conducting zone which probably is of different structure from the 
main bulk of the solution forms near the electrodes. Since structure pomotos 
electronic conduction it was considered of interest to check the possibility of 
existence of non-electrolytic conduction in such weakly conducting systems. 
This was considered more worthwhile by the fact that practically all checks on 
Faraday’s law have been carried out with fairly conducting electrolytes and no 
work appears to have been done with poor conductors, say, water itself. Our 
results throw considerable doubt on the validity of Faraday’s law in such 
systems. 

The experimental set-up is a very simple one, consisting of a beaker with two 
platinum wire electrodes inserted from the bottom. Two (or more) such are con- 
nected in series, one containing freshly distilled conductivity water and another 
containing a 0.5 N potassium sulphate solution serving as a coulometcr (Abresh 
etal, 1960). The evolved gas a is collected in graduated test tubes inverted 
over the electrodes. About 20 to 30 milliamperc D,C. current is sent through 
the system for a couple of hours or so to pre-saturate the electrolytes with 
hydrogen and oxygen. Electrolysis is now allowed to occur with 60 to 100 
microampere current for three to five days or more until a few cc (usually 3 to 6 
cc) of gas collects in the coulometer. The results are most unexpected. 

If Faraday’s law holds good, it is expected that equal volume of gas would 
collect in the two vessels. It is, however, observed (vide table) that the volume 
of gas collected over conductivity water at a particular electrode is much less than 
that collected over the coulometer at the same electrode. This occurs both at the 
anode and at the cathode. It was first thought that this may be due to the un- 
equal solubility of the gas in the two electrolytes. To offset the effect of any such 
complicating factor, the electrol 3 d)es were not only presaturated with electrolytic 
gas by prolonged electrolysis as mentioned above, but the same sample of electro- 
lyte was used in a number of consecutive experiments; this, however, made no 
difference in the results. Our observations can be summarised as follows. 
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(i) Wide deviation from Faraday’s law is observed on electrolysis of con- 
ductivity water, provided the current is kept quite low say, of the order of a frac- 
tion of a milliampere or still lower. 

(ii) The departure from Faraday’s law tends to disappear with increasing 
concentration of electrolytes and somewhere in the range O.OlN to O.IN the devia- 
tion becomes hardly detectable. 

(iii) The lower the current and consequent less physical disturbance near 
the electrodes, the higher is the departure from Faraday’s law. 

More than a hundred experiments under varied conditions were made and 
they all confirmed the above results. The results were further confirmed by col- 
lecting electrolytic gas (hydrogen and oxygen together) in a closed apparatus 
similar to that recommended for use in coulometry (Abresh et al. 1960). The 
following is a typical set of results of one experiment vrith five cells and a 
coulometer in aeries. 


TABLE 


Electrolyte 

Current 

milliamp 

Volume of 
gas collected 
in the cell 
over cathode 

Volume of 
gas collected in 
the eoulometor 
in series over 
cathode 

Per cent 
non-eleotrolytic 
conduction 

Conductivity Water 

0.100 

0.6 cc 

3.3 

82% 

N/10.000 K2SO4 

0.100 

1.8 cc 

3.3 

46% 

N/1,000 K2SO4 

0.100 

2.4 cc 

3.3 

27% 

N/lOO K2SO4 

0.100 

3.1 cc 

3.3 

6% 

N/10 KaS04 

0,100 

3.3 cc 

3.3 

0% 


It has not been possible to find any source of error in the above results and 
so it is concluded that Faraday’s law is of limited validity in poorly conducting 
systems. An almost complete break-down of Faraday’s law is easily observed 
by carrying out electrolysis of conductivity water in a closed system (Abresh, et al. 
1960) using platinum electrodes (0.6 X 1 cm) and a current of 26 microamperes. 
It is observed that hardly any gas collects over even a couple of weeks whereas 
according to Faraday’s law more than 6cc should have collected by this time; 
even in the coulometer in series only about a couple of cc gas collects. It appers 
that when there is paucity of ionic current carriers, the current tends to pass by 
some other mechanism, which is probably electronic. 

There have been many reports in the literature {Hampel, 1964) about less than 
100 percent current efficiency and these are generally explained as due to side 
reactions and and other causes. Non-eleotrolytic current conduction should 
now be included as one of the factors for lower than theoretical current effidenoy. 
Whether the non-electrol 3 rtie passage of current is caused by electronic conduo- 
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tion, or by conduction by charged water molecules, or by some other mechanism 
in an open question and would bo duly answoreni particularly by transference 
experiments now under way. Further work is in progress and detailed results 
will appear elesewhere. 

Thanks are due to Sri Prithwish Kumar Ba«i for carrying out the experi- 
mental work. 

REFERENCES 

Abrosh, K. and Classen, I. 1900, Coulometric Avalyein (Translated by L. L. Lovoson), 
Chapman and Hall, j)* 80, 

Hampel. C. A. 1904, Emydopedin of Electroehcmiatiy, Kcinhold Publishing Cornn. 

Now York, p. 693. 

Litigano. J. .1., 1946, ,/. Amer. Cluim. Soe.., 67, 1916, 

mectrochemistry, Proceedings of the First Australian Conference, 

Sydney and Hobard Porgamon Proas, p. 711* 

Palit, S, 1962rf, ft, Indian J. Phys, 36, 51, 586. 



BOOK REVIEWS 


DIPOLE RADIATION IN THE PRESENCE OF A CODUCTING HALF-SPACE. By 

A, BanoB, Jr., Pcrgamon Press, Vol. 9 of the Iniomatioiiol Series of Monographs in 

Electruinagnotio Waves — Editors : A. L. Cullen, V. A. Fock, and J. R. Wait; 1966. 70s 

Consider an infinite plane surface separating two media — one a conducting medium which 
for simplicity is assumed to have infinite conductivity and the other a dielectric; and now put 
an oscillating dipole anywhere and with its axis either parallel to the plane of separation or 
perpendicular to it and you will have the basic considered in this monograj:)h. While th(* 
problem is, to bo sure, of interest, yet the reviewer is afraid that except the few who are activoiy 
working in the line (to which group the reviewer does not belong) the average physicist will 
find a perusal of this book of some 250 pages a tough job demanding too much of his time, 
patience and mathematical skill. However the book will bo a useful reference book for any 
mathematical physicist who may be interested in the saddle point method of integration. 

A. K, Bay Choudhari 

ATOMS TO ANDROMEDA— Edited by S. T. Butler and H, Mossol; Porganmn Press, Oxford, 

1966, pp 301, Price 21s. 

‘Atoms to Andromeda’ is a colleection of lectures in a summer School for high school 
students arranged by the Sydney School of J’hysics in 1966. P(^rhaps in such a course of 
lectures, one would expect to find an introduction to the Maxwell field theory, someth mg about 
the wave theory of light, photons and the so-called dual aspect of light and rna}^ bo there would 
be something about mesons, the expanding universe, the quasars anil nuclear energy. Well, 
you really find all those in this book but it goes much further. There is the Dirac hole theory 
(even a mention of Fey man’s idea of a particle proceeding in the negative direction of time), 
a discussion of the rnagiiotic mirror and the magnetic bottle in plasma physies,a fairly detailed 
discussion of the digital computers and lastly something on parity, strangeness, SU(3) and SU(6). 
The reviewer would consider it a real wonder it the school students had boon able to appro 
ciate and benefit from this survey over such a vast and advanced field of Physios in the short 
time span provided by a summi?r school. Indeed, the roviowi^r fools that the topics and tho 
level of discussion would be more suitable for, say, a refresher course for school or collogi' 
teachers. 

Perhaps the few linos above give a fairly good idea about tho book, but it must bo montioncil 
that the reviewer has found it an extremely readable book and has himself learnt much about 
branches he cannot consider his own. However, tho picture of two boys throwing balls or 
trying to snatch away balls as a model of exchange intoraciion (Pp 29-30) sooras too naive and 
is perhaps likely to load to miscoiiooptiou. Again tho explanation in parenthesis of angular 
momentum as mass X angular velocity is simply wrong. 

An accent throughout tho book has boon on what has boon done and is being done by the 
Sydney schoool. That is no doubt interesting reading for in some fields Sydney is now ‘leading 
and not just following” but tho details of the Molonglo radio observatory or the Stellar inter 
feromoter at Narrabri observatory are likely to bo considered a little too elaborate by tho 
average foreign reader. 

Tho reviewer would recommend the book for off time reading by mature physicists as 
it would be both entertaining and would broaden tho general knowledge of present day physios. 

A. K. Bay 
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{Received September 2, 1966) 

ABSTRACT. The results cif measnremont on the times of relaxation of o , w and j)- 
(•lili)riiioliion©8, p- bromotoluono, 3, 4-diehlorotoluone and a-bromonaphthalono in the liquid 
suite at different temperatures and also the ©xporimontal values of the activation energies 
{A//t) for dipole orientation are reported. An attempt has been made to correlate the experi- 
nioutal activation energies with the total energy due to intennolecular forces operating in 
the polar liquids. Following Eyring’s theory of rate process, an expression for the ‘frequency 
fueler’ has been deduced. The theoretical values have been compared with the experimental 
Values for the frequency factor in the case of a number of polar organic compounds. 

INTRODUCTION 

Both Debye’s theory and Eyring’s theory of rate process have been applied 
to tlic elucidation of the mechanism of dipolo rotation accompanying the pheno- 
menon of dilectrio relaxation in polar liquids subjected to rapidly alternating elec- 
tric fields. The Debye’s theory and some of its modifications (Perrin, 1939; Writz, 
1954; Hill, 1954) have been used, chiefly, to obtain information about the mole- 
cular unit taking part in the dipole rotation and the internal viscous forces hinder- 
ing such rotations. Eyring’s theory on the other hand have yielded experimental 
values of heats of activation and entropy of activation required for the orientation 
of dipoles (Whiffen and Thompson, 1946; Fong and Smyth, 1963; Bhattacharyya 
efoi!., 1966). While the limitations of the Debye’s theory in determining the 
dimensions of the rotating dipole are well- known, the relation of the activation 
energy and the entropy of activation with the molecular parameters of the 
dipole is not obtained from the rate equation itself. Very little attempt has 
been made to correlate the experimental activation energy with the energy 
of the intermoleoular forces obtaining in the polar liquids. Moreover, no method 
exists for obtaimng an estimate of the entropy change in the relaxation process, 
^vhioh, incidentally is contained in the so called “frequency factor” obtained 
experimentally, frean tiie molecular properties of the polar liquids. 
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Bhanumathi (1963) made attempt to identify the activation energies for dipolo 
orientation in some organic polar liquids with the energy of interaction due to 
dipole dipole (Keesom) and dipole-induced dipole (Debye) forces between the mole- 
cules of the liquids. She obtained a fair amount of agreement between the ex- 
perimental and the calculated energy values. Recently, Sinha et al, (1966) have 
sho^vn that in the case of very dilute solutions of polar compounds in non-polar 
solvents, the values of the activation energy calculated from a consideration of 
tlie interaction energy due to London’s dispersion forces and the Debye forces 
agree fairly well with the activation energies obtained experimentally. 

In the present jjaper an attempt has been made to calculate (i) the values of 
the activation energy by considering the total contributions from London, Keesoni 
and Debye forces existing in the polar liquids and (ii) the value of the “frequency 
factor” from the parameters of the polar molecules. In order to find out how' far 
the calculated values agree with the experimental values, the data on the acti- 
vation energies and frequency factors obtained experimentally for a number 
of polar organic liquids in the present investigation and in earlier investigations 
(Bhattacharyya et ah, 1964, 1966) have been used. 

EXPERIMENTAL 

Chemically pure samples of o-, and p-chlorotoluones, p-bromotolucno, 
3, 4-dichlorotoluenc and a-bromonaphthalene obtained from reputed chemical 
firms were first fractionated and the proper fractions were repeatedly disiillcJ 
under reduced pressure. The samples were properly dried before being used in 
the investigations. The experimental arrangement for determining the dielectric 
loss at 3-cm at different temperatures and the method of obtaining the tim(* of 
relaxation (t) were the same as described in the previous paper (Bhattacharyja 
et al., 1966). The viscosities {if) of all the liquids were determined experimentally. 

RESULTS AND DISCUSSION 

The values of e', e", tan S and t along with the macroscopic viscosities (//) 
of all the compounds at different temperatures (T) are given in Tables I-VI. The 
values of the heat of activation for dielectric relaxation {Mir) and viscous flow 
{AHif) have been obtained respectively from the graphs of log {t.T) against 1/3’ 
and log If vs 1/T as usual. Those values and their ratios (y) are given at the foot 
of the tables. The tables also contain the values of T.Tjif' and the average value 
of the frequency factor A obtained from the rate equation r = AT~^ exp {AH j ini’) 
for all the compounds. It is seen from the Tables that in each case T.Tjif^ 
remains almost constant with temperatures. Similar relation was also obsori^ed 
Avith other compounds reported previously (Bhattacharyya et al, 1966). In the 
following sections attempts have been made to calculate the activation energy 
and the frequency factor. 



315 


Eyring’a Eqwtiou of Relaxation Time, etc. 

TABLE I 
o- Chlorotoluene 
Wave length (A) = 3.14 cm 


Tomp. 

‘K 

c' 

e" 

tan 8 

rXlOia 

Sec 

-n 

m.p. 

-iT xio'' 

Tf^ 

288 

3.80 

1.20 

0.317 

13.6 

11.2 

16.31 

298 

3.81 

1.13 

0.297 

12.7 

9.9 

16.52 

313 

3.99 

1.13 

0.283 

11.3 

7.8 

15.92 

328 

4.08 

1 04 

0.255 

9.7 

6.3 

15.81 

343 

4.02 

0.88 

0.220 

8.7 

6.4 

15.44 

358 

4.05 

0.84 

0.208 

8.1 

4.5 

16.17 


AHt - 1,07 K.diil/molo 


Y = 

= 0 .39 



AWiy = 2.75 K.CHl/molo 


A= 

= 62.1 X 10-11 




TABLE II 






m- 

Chlorotoluene 





Wave length (A) = 3.14 cm 



T<‘mp. 

c' 

e"' 

tan S 

T X 1013 

n 

xlO'' 





See 

m.p. 

T 

278 

3.7G 

1 95 

0-619 

22.5 

11.1 

25.72 

298 

3.74 

1.64 

0.438 

10.2 

8.5 

26.47 

313 

3.79 

1 49 

0.393 

J6 8 

6.8 

26.37 

328 

3.82 

1.36 

0.356 

15.0 

5.6 

26.46 

343 

3.76 

1.J7 

0.312 

13.5 

4.8 

26.32 

358 

3.76 

1.13 

0.301 

13.0 

4.4 

27.30 

AHt —0,89 K.diil/molo 


Y ' = 

0.36 


Affi) --- 2..50K.Cal/m<.lo 


A= 

126.5x10-11 




TABLE III 






p. 

Chlorotoluene 





Wave length (A) = 3.14 cm 



Temp. 

e' 

e-' 

ton $ 

T X 1013 

V 

XlO’ 

ijy 

°K 




Sec 

m.p. 


298 

3.79 

2.18 

0.575 

24.0 

8.9 

37.21 

313 

3.83 

1 ,93 

0.504 

21 . 2 

7.0 

36.29 

328 

3.86 

1.83 

0.474 

19.7 

6.7 

37.68 

343 

3.84 

1.71 

0.445 

18.6 

4.9 

38.98 

368 

3.89 

1.66 

0.401 

16.4 

4.3 

37.36 

AHt — 0.78 K.Cal/molo 


Y ' 

0.31 


=2.66K.Cal/mole 


A = 

204.6x10-1* 
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TABLE IV 
jp-bromotoluene 
Wave length (A) = 3.14 cm 


Tomp 

c' 


tan 8 

T X 101J> 

Soc 

V 

m.p. 

xw 

rjfy 

313 

3.34 

1.54 

0.461 

27.3 

9.6 

38.86 

328 

3,45 

1.53 

0.444 

24.3 

7.7 

39.02 

»43 

3.47 

1.44 

0.415 

22.4 

6,6 

39.98 

358 

3,69 

1.42 

0.396 

19.9 

6.8 

38.60 

0.89K.Cttl/mole 


Y= 0.35 



~ 2 . 5 1 K.Cal/molo 


A= 209.9X10-“ 





TABLE V 






3, 4-dichlorotoluene 





Wave length (A) = 

3.14 cm 



Tomp 


e" 

tan 8 

TXlOia 


.7'^ XI 07 





Sec 

m.p. 

1/7 








303 

3.30 

2.10 

0.655 

38.9 

13.7 

18.30 

318 

3.33 

1.82 

0.547 

31.8 

10.3 

19.30 

333 

3.58 

1.76 

0.492 

24.2 

8.5 

17.63 

348 

3,68 

1,60 

0.451 

21.2 

6.7 

10,11 

303 

3.70 

1.57 

0.418 

18.9 

6.2 

18.80 


Affr = 2.20 K.Cal/molo 


Y=0.71 



AflTi; -- 3.10 K.Cal/molo 


A = 29 

.6x10-“ 




TABLE VI 






a-bromonaphthalene 





Wave length (A) == 

3.14 cm 



Temp. 

e' 


tan 8 

TXlOW 

V 

iiF- xio’' 





Sec 

m.p. 

yp' 

303 

2.93 

0.96 

0.328 

88.9 

40.6 

43.89 

313 

2.99 

1.03 

0.344 

71.3 

31.6 

37.93 

328 

3.05 

1,07 

0.351 

59.4 

22.4 

42.29 

343 

3.12 

1.11 

0.356 

60,0 

16.6 

43.30 

358 

3.19 

1.21 

0.379 

46.8 

12.6 

47.40 


aHt = 2.S0K.Cal/mole 


Y «= 

0.49 



AHi] = 4.72K.0ia/mole 


A = 

66.6X10-“ 
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a) Cakulatim of interaction energy 

In order to obtain an estimate of the energy due to various intermolecular 
forces existing in polar liquids, special type of interaction e.g. hydrogen bonding 
etc. has been left out of consideration. The three main types of intermolecular 
forces considered are (i) London dispersion forces, (ii) Dipole-Dipole (Keesom) 
forces and (iii) Dipole induced dipole (Debye) fmrces (Ketelaar, 1953). So that the 


total interaction energy is the sum of the enerjics due to each of the forces. The 
energy of interaction per molecule for the three types offerees are given by : 

(i) London energy ® 


ii) 


Keesom energy 



kTr^* 


iii) Debye energy = — 2 a/t*/ro* ... (1) 

where I is the ionisation potential of the molecule, a and /i respectively are the 
polarisability and the dipole moment of the molecule, is the average distance 
of separation between the dipolar molecules and k is the Boltzmann constant. 
The total interaction energy per molecule, ~U^ = = .^iCl+A+A) 


where /j 


Eg _ 8 /i* 

Eg 9 laHT 


and /a = 


Eq 

El 


8 

3 /.a 


(2) 


If 1 is expressed in e.v. /i in Debye unit, in A and a in units of 10“®® cc., then for 
a temperature T — 333.3°K 

/a = 1208 . 1 /tV^ai.*. /s = 16 . 67 ;t®^//^, 


and 


Eg = — X 10““ ergs/molecule 


( 3 ) 


Further, if the average distance r^ is calculated from the equation r^ = fiBg 
where ia a constant and Bg — (1.66F V being the molar volume in cc.. 
Eg may be written as 


N.E = -ii^*(a,/Fjtf)*K.cal/mole (4) 

Since the activation energy is —{—V) = 17 = NU^^heTe,N = Avogadro Number 

a 

(l-f.A-f/a)K.cal/mole ... (6) 

If this value of U is identified with the heat of activation it is possible to 
oaloulate the value of fi and to find out bow far this value remains constant for the 
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different compounds. The value of /? may also be estimated from the ratio of the 
free volume to the molar volume of the compound given by the relation 
\l/3 

== I ® j where is the total volume of all the molecules in a gram 

molecule of the compound. This value of is expected to be equal to that of /? for 
molecules having very small dipole moments where Er and Ej^ are negligible. 

In order to find out how far the above considerations are consistent with the 
experimental results, all the necessary data have been collected in Table VII. 
The A//r-values for compounds other than those obtained in the present investi- 
gation have been taken from the previously published data (Bhattacharyya et al,, 
1964, 1966). The dipole moment and the molecular polarisability values 
(ccp) whenever available, have been taken from published literatures. In other 
oases values have been calculated from the molar volume and refractive index 
data. The values of the Van der Waal’s constant b = 4^^ have been calculated 
from the data on critical constants given in ‘‘physical properties of chemical 
compounds (16)”. The data on ionisation potential have been taken from the 
published works (Kandcl, 1955; Watanabe, 1967; Vilesov and Terenin, 1957; 
Streiswiesser, 1960) and in the cases of m-dichlorobenzene, a-chloro- and a-bromo 
naphthalenes, the ionisation potential have been taken to be almost equal to that 
of the parent compounds. 

It is seen from Table VII that except for molecules whoso dipole moment 
~2Z) the contributions due to Keesom and Debye forces are small. The value of 

( y \ 1/3 

— 'I 

agrees roughly with the calculated )ff-values in the case of the alkyl benzen(.‘S, the 
disagreement between the two values increases as the dipole moment of the mole- 
cule increases. Considering the highly approximate nature of the calculations, 
the agreement is fairly satisfactory, 
b) Calculatio7i of the frequency factor^ 

The experimental value of the ‘frequency factor’ A is obtained from the time 
of relaxation r at a temperature T^K for a particular compound from the relation 
r^AT-^ exp (^HrlET) ... (6) 

The quantity A which has the dimension of sec. deg. is not equal to 
hjk =4.8 X as is sometimes assumed, but is given from the Eyring’s rate 
equation by the expression A — hjk exp (— A/8/iJ) where A8 is the entropy of 
activation for the process of dipole orientation. Since Eyring has given no 
theoretical expression for determining the quantity AS we proceed to obtain the 
value of A from Eyring’s fundamental rate equation (Glasstone et al., 1941) 
given by 


- ( 7 ) 



Eyring*8 Equation qf Relegation Timet etc, 
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TABLE Vn 


V ^ Ml, = )’ ( 1 +/.+/,) 



A=( 


1/3 

1 h 





Vjf J 

1 > ^ — 





Polarisa- 

Compound bility 

Pi> «p X 1 025cc 

(Vm) 

Ionisation 

potential 

Je 

(bcc/mole) 

. m 

El. 

XlOa 

Xl0» 

K.Cal/mole 

p 

p. 

Toluene 

.80 

122.6 

(111) 

9.03 

J46.3) 

.007 ' 

.130 

1.60 

.868 

.878 

o-Xyleno 

.r>i 

141.0 

(126) 

8.77 

vl76,5) 

.047 

.351 

1.53 

.877 

.848 

7?i-Xv1<hio 

.30‘ 

141.8 

(128) 

8.79 

(177.2) 

.006 

.120 

1.44 

.822 

.868r 

EthvJ benzene 
.80 

141.0 

(128) 

8.70 

(166.7 

.011 

.168 

2.20 

.833 

.877 

Isopropyl 

benzene 

.40 

166.0 

(145) 

8.70 

(202.5) 

.013 

.184 

2.90 

.790 

.867 

Oliloro bonzono 
1.50 

122.6 

(102) 

8.80 

(145.3) 

5.41 

3 76 

1.19 

.951 

.864 

Brorao benzene 
1.50 

136.0 

(106) 

8.98 

(153.9) 

3.68 

3.07 

1.49 

.933 

.860 

m-diehloro 

benzene 

1.48 

142.3 

(116) 

9,00 ' 
(183.3) 

3.18 

2.85 

1.02 

.982 

.848 

o-Cliloro toluene 
1.43 

141.6 

(117) 

8.88 

(178.1) 

2.84 

2.71 

1.07 

.965 

.853 

m-Chlorotoluene 

1.94 

142.4 

(118) 

8.88 

6.59 

4.12 

0.89 

.985 

— 

p-Chloro 

toluene 

1.94 

142.4 

(118) 

8.82 

9.57 

5.00 

0.78 

1.006 


p-Brorao toluene 
1.96 

166.0 

(123) 

8.69 

(186.4) 

8.54 

4.76 

0.89 

.995 

.853 

a-CliIoro 

naphthalene 

1.50 

193.0 

(136) 

8.00 

2.05 

2.43 

2.71 

.851 


a-bromo 

naphthalene 

1.50 

197.0 

(140) 

8.00 

1.97 

2.38 

2.30 

.870 
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whore Ki = 1/t, 17 is the activation energy per mole, F is the total partition fono* 
tion per unit volume of the normal molecule and F^ is that of the activated mole- 
cule, excluding the contribution of the degree of rotational freedom along the 
reaction co-ordinate i.e. the angle of rotation of the dipole. Wo may assume that 
the electronic and vibrational contributions to the partition functions for the 
normal and the activated molecules to be the same. As regards the rotational 
contribution it may be observed that in the normal molecule, the dipole moment 
makes rotational oscillation of small amplitude and small frequency about its ins- 
tanteneous position of orientational equilibrium, which in the activated molecule 
is converted into one of free rotation, the contribution duo to which has already 
been included in equation (7). It is also assumed that the rotation about the two 
other axes are non-existent both in the normal and in the activated molecule. 
In the case of the normal molecule the rotational oscillational contribution to 
the partition function is kTjh'jQ where Vo is estimated from the relation 
27rvo = {t2/«7)* where J is the moment of inertia of the molecules about an axis 
perpendicular to the dipole moment. If the dipole moment is along the a-axis 
of the ellipsoidal molecule then J is intermediate between and n is the 
restoring potential and is of the order of Z(Eg-\-Ejy) in the polar liquids. 

The translational contribution per molecule to the partition function for the 
activated molecule which may be supposed to be moving freely in a volume v 
— (vol. of liquid per molecule) is (2nmkTlh^)^'Kv (Frenkel, 1946). In the case 
of the normal molecule, however, the translational degrees of freedom are replaced 
in the liquid state by translational oscillations in the three mutually perpendicular 
directions about the mean equilibrium position of the molecule and the contribution 
to the partition function is (fc2’//ivj)®(Frenkel, 1946) where vj is given by the equa- 
tion 2n'D[ — and f— Since JJm is of the form is 

obtained as f — 4217^1^0^, Um is the potential energy per molecule and m is the 
mass of the molecule. 


Substituting these values in Eqn (7) the following expression for r is obtained. 

jL_f ^ ~ , fpiKT 

fcTlv U } (42)»/*t; Avo J 


T = 


( 8 ) 


If »‘o® and Vo is replaced by vq = ^ , Eqn. (8) takes the form 


h 

Jt 




JcT 


\ 

(42)8/2Acv5 j 


Comparing Eqn. (8a) with Eqn. (6) the frequency factor A is given by 


8/2 

A_hl{2nBT\ kT \ 

k\\~ } ' (42)*AAc7/| 


, • • (Sft) 


... ( 9 ) 



Eyring^s Equation of Eelaxation Time, etc. 
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For T = 333.3°JSr substituting the values of R, h, k and c, A is finally given as 




7.29 


VoC/8/2 


h 

k 


(9a) 


TABLE Vni 


. ^ 7.29 \h 


CompuuiKl 

XxlO“ ' 
(oxporitncintal) 

A (ralculaled) X 10^' 

Vo - 1 Vo' — 0.5 

Toluene 

14.3 

18.1 

36.3 

0- Xylene 

22.1 

18.0 

35.9 

m-Xylono 

31.3 

22.3 

44.6 

Ethyl benzene 

8.1 

12.2 

24.4 

T s< >propy 1 bon zouo 

2.8 

7.4 

14.8 

Ciiloro benzono 

40.2 

27.0 

53.9 

Broino bonzono 

30.4 

19.2 

38.5 

m-diohloro bonzono 

71.6 

34.0 

67.9 

1, 2, 4-Tri<*hloro bonzeno 

126.8 

20.9 

59.8 

o-Chlorofcoluone 

62.1 

31.6 

63.2 

w-Ohlorotoluene 

126.5 

41.7 

83.3 

p - Chloro toluene 

204.6 

60 8 

101.6 

jo-broijootolueno 

. 209.9 

68.9 

137.8 

3, 4-(licliloro iolnono 

29.6 

10.7 

21.4 

a-Chloro naphthalono 

15.6 

6.9 

13.8 

a-bronjo naphthalene 

56.6 

10.0 

19.9 


Eqn. (9a) shows that A does not have the value hlk but varies from molecule to 
molecule depending on U and r®. The value of vq estimated in the case of toluene 
from the equation 2ncvQ — is of the order of 1 cm~^. With halo substitut- 

ed benzenes, toluenes and naphthalenes the values of fo are expected to bo smaller 
than 1 om~* because of the substantial increase in the values of the moment of 
inertia {J) of the molecules. The value of the frequency factor A calculated for 
two values of are given in Table VIII along with the experimental values of A. 
It is seen from the table that the experimental value of A in the case of the alkyl 
benzenes agrees fairly with the calculated A -value if = 1 cm-^, while in the case 
of chlorobenzene bromobenzene, m-diohlorobenzene, o-chlorotoluene, 3, 4-dichloro- 
toluene and a-chloronaphthalene fair agreement is obtained if vg is token to be 
2 
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0.6 om-i. In the case of m-ohloro toluene, ^).ohloro-and jj-bromotoluene and 
a-bromonaththalene the assumed value of is to be further reduced in order 
that the calculated u4 -values agree fairly with experimental values of 
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ABSTRACT, The effect of dimerization on the viscosity of donse gases has been oaloula, 
ted for the rigid sphere molecules by utilising an (jsetension of the Ensjiog theory for dense 
gases. This treatment as distinguished from tho earlier ones, takes into consideration the 
effect of dimerization on the oollisional transfer ten®. Sample calculations made for Argon 
show that the contribution of dimerization to the viscosity is negative at low pressure and 
it becomes positive with tho increase of pressure. 

INTRODUCTION 

For the calculation of the transport properties of donse gases it is neces- 
sary to consider the collision transfer (Chapman and Cowling, 1952) in addition 
to the transfer by molecular interaction. Enskog (Chapman and Cowling, 1962) 
long ago, first formulated a theory for the dense gases by considering the mole- 
cules to be rigid spheres. The advantage of this assumption is that tho probabi- 
lity of multiple encounters become negligible, It has subsequently been found 
(Hirschfelder, Curtiss and Bird, 1954) that the Enskog theory can represent the 
transport properties of dense gases only approximately. Several attempts have 
been made to improve the Enskog .theory by introducing semi-emprirical correc- 
tions. Recently, Snider and Curtiss (1958, 1960) and Snider and McCourt (1963) 
have made a significant advance in the theory of dense gases. They have modified 
tho Boltzmann equation which is an approximation to the series development 
of Bogolubov (1946) and Hollinger and Curtiss (1960). Curtiss, McElroy and 
Hoffman (1964) have used numerical methods to consider tho effect of three body 
collisions on the first density term by a generalization of the Enskog rigid sphere 
expression. 

Another factor which is of importance in the dense gases is tho formation of 
clusters or bound molecules. As has already been pointed out by Das Gupta and 
Barua (1966) at sufficiently high pressures the gas should be treated as a mixture 
of monomers and j-mers. Stogryn and Hirschfelder (1941) have considered the 
formation of dimers in non-polar gases on realistic potential models. The effect 
of dimerization on the transfer by interaction has been considered by them. This 
treatment has recently been improved by Kim and Ross (1965) who considered 
the presence of quasi-dimers. These treatments are valid only for the initial 
pressure dependence. For higher densities it is necessary to consider the change 
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in the colliaional transfer term due to cluster formation. At not too high pressures 
it is sufficient to consider dimerization only. In this paper a start has been made 
in this direction. We have made a sample calculation of the effect of dimeri- 
zation on the viscosity of argon on the rigid sphere model. The results will show 
if the contribution of dimerization is of significant magnitude. 

METHOD OF CALCULATION 

The co-efficient of viscosity of a dense gas Tjp on the Enskog theory may be 
expressed as (Chapman and Cowling, 1952) 

Vp == vJ'P [ - 1- J +0.1G14bpx ] . ... (1) 

where t/q is the zero-pressure viscosity, p the density, bp = | nner^^ cr being the 
collision diameter. The quantity x given by, 

= l+#p6+0.28G9p262+... , ... (2) 

The Enskog theory for a pure dense gas has been extended to the case of a 
binary mixture (Chapman and Cowling, 1952) and the viscosity for such a mix- 
ture may be written as, 

[Vp\mix = ^ [^-1 -1%2 \^t^2^ 2P2Xl2)^ 

(1 + i ^iPlXi f'x ^^i^ iPiXn) 

+ 6lin2i(l'f-| lPiXl2)^}llXl2{^ll ^-1-1 — ^\-l) 

+ TS ... (3) 

In this formula, 


Ai = 1 + j2 ^2KM-10(7,,3-_-i2(r,2Vi)+... ... (4) 

A:i 2 = 3(ri/frj2)+j2 W2(r2»(8-3cr2/(r,2)+... ... (6) 

with a corresponding equation for x-i- The subecripta 1, 2 stand for the compo- 
nents, 1, 2 respectively. We have also the following relations viz : 

6ii = ft iilXist (6) 

^>-1-1 = X2^"'~l-l/Afl2> ••• C^) 

6i-i == ~5kTii-A)IE, ... (8) 

b'n = 5kT(^+M,AIM,)IE, ... (9) 

b\, = 5 kTI 2 [ 7 ,,]„ ... ( 10 ) 

The constant A depends on the ratio of the collision integrals. 
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The percentage of dimers at any particular temperature and pressure may 
be obtained from th(^ equilibrium constant for dimerization, 

K2(T) = — (£/>+i5fw)w/F, ... (11) 

= n^VIn^^ ... (12) 

Bb{T) and Bm{T) being the constribution d the bound double molecules and 
metastably bound molecules which have been calculated on the Lcnnard- Jones 
(]2:6) model by Stogryn and Hirschfelder (1969). are respectively the 

number densities of monomers and dimori. 

In order to obtain (Tg it is necessary to calculate the viscosity of dimers. On 
the Lennard-Joncs (12 :6) model it has been shown by Stogryn and Hirschfelder 
(1959), 


CTi Cl 


We have also the combination rules 


(13) 


0^12 = i (o-i+o^a) ; Cn = • ^ 2 )* 


(14) 


Thus by knowing <r,, e^, <r ,2 and it is possible to calculate (r^ and from Eqs. 
(13) and (14). With these force constants for the dimers on the Lennard-Jones 
(12:6) model the viscosity values were calculated from the expression 


1/XlO’ = 266.93 


_ _VMT _ 

a-iQ*(2,2)(T*) 


(16) 


where £i*<2,2)(y*) jg a reduced collision integral which has been tabulated as a 
iunction of T* = kTje. From the values of viscosity at any temperature as 
obtained from Eq. (16) cr^ was calculated on the rigid sphere model from the expres- 
sion, 


5/ X 10^ = 266.93 


^/MT 

o-a 


... (16) 


For sample calculation of tlie effect of dimerization we have chosen the viscosity 
ilata of argon at 26°C (Michels, Botzen and Schuurman, 1954) The results obtained 
are shown in the Table I. It may be seen from the table that at lower pressures 
the effect of dimerization is to lower the viscosity which is in agreement with the 
results obtained by Barua and Das Gupta (1963) for steam and ammonia. How- 
ever, at higher pressimes the dimerization makes a positive contribution to visco- 
sity. This may be due to the effect of dimers on the collisional transfer which 
overshadows the effect on the transfer by interaction, which is evident from the 
columns 4-6 of Table I. We have not made the calculations at higher pressures 
which will need the consideration of larger clusters. In fact at the highest pres- 
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Bures considered by us, the positive contribution becomes less which is probably 
due to the importance of larger clusters at that pressure. As our main purpose 
in this paper is to find the effect of cluster formation on the rigid sphere model, 
we have not compared with the experimental viscosity data. In a subsequent 
paper wo propose to make more realistic calculations. 


[VpJXlO* i)pXlO« 

mix oaloulated i]eai)X 10* 


Pressure 

(Atm.) 

Density 

(g./oo.) 

%of Dimers 

calcmlatod 
from eqn. 
(1.^) 

Poise 

calculated 
from eqn. 

Poise 

in% 

65.0 

0.1116 

6.41 

2.327 

2.380 

-2.23 

105.4 

0.1806 

9.65 

2.640 

2.536 

0.72 

176.2 

0.3016 

14.60 

3.065 

2.986 

2.36 

361.2 

0.6558 

21.92 

6.171 

4.965 

4.44 

465.6 

0.6728 

24.90 

6.754 

6.505 

3.80 

The authors arc grateful to Prof. B. N. Srivastava for his kind interest and 


encouragement. 
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ABSTRACT. The Dobyo Sohorrer pattern of complex Silver Lutidine per Chlorate 
has been obtained and analysed. The data obtained indicates that the crystal belongs to the 
monoolinio system with the unit cell dimensions «=^10.90 A.U., h— 12.04 A.U., and c=6.933 
A.tJ. and p=101* 26'. There are two molecules per unit cell and the spaoo group P^, Pal’f^ 
or Pm can be eussigned to the crystal. 

INTRODUCTION 

The study of complex salts containing ligands is of importance for the study 
of stretching force constants between the various groups of atoms in the mole- 
cules. Diamagnetic properties of such complexes are also of interest. Silver 
Lutidine per Chlorate [Ag(C7HgN)2 Cl O4], is available in microcrystallino form, 
white in colour. As it is not possible to obtain single crystals suitable for complete 
structural analysis, the powder method has been used to establish certain 
crystallographic data. 

EXPERIMENTAL 

Filtered CuK, radiation was obtained from a Machlett A-2 X-ray Diffraction 
tube r unnin g at 35KV and 15 m.A. and the specimen was contained in a very 
fine capillary of Lindmann glass of 0.01 mm. wall thickness and 0.6 mm. diameter. 
The Debye Scherrer pattern was obtained in a photographic film using a Rigaku 
Camera of 9 cm. diameter. The time of exposure was 4 hours. Interplanar dis- 
tances were calculated with great accuracy from measurements on the photographic 
film. Attempts were made to index the power lines with Cubic, Tetragonal and 
Hexagonal systems and the data did not fit with any one of these systems of higher 
symmetry. Lipson’s (Lipson, 1949) method was then tried which did not give 
a good number of constant differences indicating there by that the crystal belongs 
clearly to the two systems of lower symmetry namely the monoclinic or the tricli- 
nic. In such cases the De Wolffes’ (1967) method or the most general method due 
to Ito (1960) is applicable. Here we have tried the latter method. 

In the Table are listed the experimental X-ray data. As all the six parameters 
were to be found out the Ito’s method was used and the powder pattern was in- 
dexed , Azaroff and Buerger (1968). The d values and the corresponding Q values 
= Qua) are all given in the Table. Here Q/^i is given by 
Qm =» A*o**+Jfc*6**+l*c**-f 2ife»*c* cos «*-j-2Wc*o* cos fi*+2hka*b* cos y* 
where a*, fi*, y* and o*. h* and c* are the reciprocal angles and axes rei^pectively. 
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TABLE 




Q^\ld 

Q 


IntoiiHity 

dA 

hU 

hkl 

Indices 


observed 

computed 



1. 

8 

8.071 

0.0154 

0.01657 

no 

2. 

8 

6.074 

0.0271 

0.0276 

020 

3. 

8 

6.382 

0.0346 

0.03468 

200 

4. 

W 

3.966 

0.0636 

0.0634 

121 

5. 

V^V 

3.809 

0.0CG8 

0.0672 

201 

6. 

w 

3.747 

0.07122 

0.0708 

130 

7. 

8 

3.680 

0.07801 

0.07803 

300 

8. 

w 

3.406 

0.0863 

0.08664 

002 

9. 

w 

3.241 

0.0952 

0.0048 

221 

10. 

m 

3.009 

0.1105 

0.1104 

040 





o.noo 

• 32? 

11. 

w 

2.766 

0.13JG 

0.1320 

0.1321 

302 

041 

12. 

vw 

2.682 

0.1390 

0.1387 

400 





0. 1380 

40l 





0.1389 

312 

13. 

w 

2.606 

0.1470 

0.1465 

132 

14. 

w 

2.639 

0.1652 

0.1569 

24T 

16. 

m 

2.458 

0.1G56 

0.1662 

0.1663 

42l 

420 

16. 

w 

2.406 

0.1728 

0.1725 

050 

17. 

m 

2.344 

0.1820 

0.1821 

401 





0.1819 

402 

18. 

vvw 

2.240 

0.1978 

0.1973 

302 

19. 

m 

2.152 

0.2160 

0.2165 

0.2167 

142 

600 

20. 

m 

2.114 

0.2238 

0.2237 

0.2240 

510 

303 

21, 

m 

2.066 

0.2342 

0.2346 

223 

22. 

8 

2.007 

0.2486 

0.2484 

060 





0.2490 

441 





0.2490 

0.2491 

602 

440 



On the Structure of Complex Silver etc. 

TLASL!Ejr^((x>fUd) . 


No. 


of Intensity 
lines 

dA 

23. 

w 

1.928 

24. 

vvw 

1.877 

25. 

m 

1.823 

26. 

ww 

1.764 


w 

1.714 

28. 

ww 

1.698 

29. 

w 

1.646 

30. 

w 

1.604 

31. 

VW 

1.673 

32. 

vw 

1.641 

33. 

VW 

1.601 


34. 

w 

1.444 

36. 

vw 

1.410 

36. 

w 

1.378 

37. 

vw 

1.354 

38. 

w 

1.323 

39. 

ww 

1.283 

40. 

ww 

1.240 


Qhkl 

Indioes 


observed 

computed 


0.2690 

0.2691 

233 


0.2689 

402 


0.2685 

403 

0.2838 

0.2831 

260 


0.2840 

333 


0.2843 

161 

0.3004 : 

0.2999 

223 

0.3211 

0.3216 

64T 

0.3404 

0.3404 

114 


0.3404 

612 

0.3467 

0.3466 

004 


0.3468 

170 

0.3693 

0.3698 

362 

0.3887 

0.3892 

650 

0.4042 

0.40462 

124 

0.4214 

0.4215 

371 


0.4214 

334 


0.4215 

652 

0.4437 

0.4442 

172 


0.4439 

144 


0.4439 

642 


0.4433 

063 

0.4779 

0.4774 

181 

0.6031 

0.6026 

663 

0.6262 

0.5260 

182 


0.6261 

632 

0.6448 

0.6449 

316 


0.6461 

273 

0.5709 

0.6714 

453 


0.6715 

405 

0.6073 

0.6077 

364 


0.6069 

472 

0.6604 

0.6602 

670 


0.6069 

62% 
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After certain trials the second, third, and the eighth reflections were taken as 
Qoio> Qzm Qwi- possible to find out the reciprocal cell dimensions 

as 


o* = 0.0731 A.U. 


b* = 0.0831 A.U. 
c* = 0.1472 A.U. 

Tn order to select the reciprocal cell angles a*, /?*, 7 *(hko), (hoi) and (okl) 
reflections were carefully examined and it was found that (hko) and (okl) reflec- 
tions were present if a* and y* were taken to be 90®. The angle /5* could then 
be calculated after studying some pairs of (hoi) and (hoi) reflections after the 
equation 


cos B* = 9*?* 9^?} 

^ 4Alo*c* 

Thus /?* was found out to bo 78° 34'. The six parameters of the reciprocal 
cell having been thus found the direct cell dimensions are obtainee as 

a = 10.970 A.U. 
b = 12.04 A.U. 
c = 6.933 A.U. 
a = 90° 

/?= 101° 26' 
y = 90° 

The Buerger test for the reduced cell dimensions has been applied and the 
dimensions are found to be the reduced ones. 

The above data establishes the crystal to be monoclinic. Finally all the 
powder lines were indexed using the general formula given above and the pattern 
so indexed showed the following conditions : 

AW— no condition 
hd—no condition 
hko — no condition 
oho— no condition 
ooi— even present 

The probable space groups therefore are Pj or P^rn or P^. The observed 
density is 1.644 gms/co. and the number of molecules per unit cell comes to 
be 2. The calculated density is 1.563 gms/oc. 
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ABSTRACT. Croas-soction for tho eYoitation of a hydrogenic bound electron by 
electron impact has been calculated in a Field Theoretic way. For low impact energy this 
reduces to the usual Bom approximation result. At higher energies the result is a 
relativistic generalization. Better approximations for Bethes approximate formulae for 
high energy excitation cross-section are also obtained. 

In the following discussion wo consider the excitation of hydrogenic atom by 
electron impact in a Field Theoretic way (Roy, 1960). Bound state wave func- 
tion of a hydrogen atom may be written in the form 

^(x, a;') = < F I f(x)r^{x') | F> •••(!) 

where <j> is an igen-state solution of the equation 



Hd is the Dirac Hamiltonian in the configuration space of the electron and the 
proton. With sufficient accuracy proton mass is taken to be infinitely heavy. 
Now we may write the initial and final wave functions for the bound electron in 
the form 


fiix) - J 9i{h)'>^ki{x)dki 
fM) = J 9'/(Ai)»Aa(a:)dAi 

Thus the wave funotion for a bound and a free electron is 

Hence the initial and final state vectors are 


j ‘^C> — J | V > 

\t^f> = /fly(Ai)<S(p'i-Aj,)aAj*OAa*dAxdA,| V> 

m 


( 6 ) 



Electron Impact on Hydrogenic Bound Electron 383 

The matrix element for the excitation of the bound electron from the state 
to by an electron impact which in the process transmits from state ‘1’ to ‘1'’ 
is given by 

<ff\ S I fi> = 

... ( 6 ) 

In momentum space the matrix element is 
Mfi — (27r)*e® J dp[u(p\)y>^{pj) F/(p)y^Fi(g')-?/(^>)y,M(pi)M(p'j)y»Fi(g)] ... (7) 

where P = {W 2 ,p) 

® = P+Pi -A 

Vi(p) and Vf(p) are the Fourier transforms of bound state wave functions for the 
initial and final states. 


i.e. 


Mr) = / F,(p)e<». ^dp 

Mr) = / Vf(p)e^r -'dp ». (8) 


Non-relativistic approximation for the bound imve function : 

In this approximation wo used non-rclativistic Schrodinger wave function. 
So we take 


V(p) = M„ip)U(0) 

— > — > 

where U{s) stands for the plane wave spinor for momentum s. Here we take 

and pnim corresponding to the initial and final states. We sum over final spins 

and average over initial spins for the square of the matrix element and get 




B 


(P,-P)*(P,-P)“ 


_ C D ■ 

{Px-P\)\Px~Pf (Pi-P\)\Pi-P)^ ■ . 

where 

A = P.Tr{y^A(Px')r’’A(pj)) Tr {r,A(0) rvA((0)} 
B = P.Tr {r'‘A(p'i)y'’A(0)} Tr {yMA(0)y^(Pi)} 
C = P.Tr {y'-ACO) y.A{pOr«A(p'i)y«A(0)} 

D = P.Tr{y'*A{pi')r’'A(Pi) yvA(0)y„A(0)} 


where 


( 10 ) 
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On evaluation of the traces 

A=F. -L [4F'iir'i+2(TO®-Pii>'i)] 

B = F. X {2WiW\A-^i.p\-2mWi-2mW\+4m?] ... ( 11 ) 

•W.* 


C = D = F. [(2>i3)'i)+2mFi+2mTr'j-2TriF'i-m*] 
nt^ 

Excitation cross-section is given by 

d<T= (12) 

Integration with respect to W'l yields 


d<r 


~ Uni ”pi ^M(Pi-P\)« 


+2C'IJ, 

{Pl-P\f 


} ... (13) 


where ~ {4FiF'i+2(m®— pj.pi')} etc. 

h ^i<l>i{q)4>f{P)dp - ( 14 ) 

and 

L = f iiSw2_# ... (15) 

^ J (Pi-P)* 

The following cases arc now considered : 

(1) Low energy scattering 

For very low impact energy (near the threshold energy) we can confidently 
neglect higher powers of momenta. In this approximation A\ J5'-> 4 and 
(7' = i)'-> 2. The result is nothing but the non-relativistic Born term. The 
merits and demerits of these results have been investigated by many authors, 
Corinaldesi and Trainer (1952) have evaluated the integrals analytically for 
special values of nl and nT, 

(2) Moderately high impact energy 

In this case the nature of the cross-section may well be investigated from the 

formulae (13), (14) and (16) with the further replacement of (Pj— P)® by —{py—p'f 
in expression (16). In this approximation and corresponds to integrals 
for irect and exchange amplitudes. Tables (Omidvar, 1966) for integrals Jj and 
/s for different inidal and final quantum numbers are available and hence it is 
a simple matter totifind corresponding cross-sections using formula (13). 
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(3) High energy cross-sedion for dired scattering 

For large impact energies the exchange term becomes negligible and the nature 
of the scattering cross-section is determined 4olely by the direct term. 
Differential cross-section is 




... ( 16 ) 


For high impact energy W\ ^ Wi and i = is very small, of the order 

W^ablPi for ^ost of the contribution come but from a very small angle 

about the forward direction. Betho’s (1950) approximation formulae are then 
slightly modified. These take the forms 








eWr;,] '“-“I 


for optically allowed transition, and 






V-JF'aj \ , 


for optically forbidden transition. 


... (17) 


... (18) 
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ABSTRACT. Hydrazobenzene,^ -NH. NH- 

bipyramidal class of orthorhombic crystals. Its unit coll has tho dimensions 
a=7.33, 6=7.61, o= 18.72A. 


crystallizos in tbo 


The crystal density of 1.18 gm./c.c.^ found by floatation method, gives 4 molecules of 
hydrazobenzene in the unit coll of the crystal. 

Measurement of refractive indices along the three crystallographic axes gave the follow- 
ing values : 


a=^ 1.595 (along h axis) 

p = 1.602 (along a axis) ; The optic axial angle 2F=31® 20' 
Y~ 1.700 (along c axis) 


The crystal shows strong positive birefringence. The optical data together with the 
dimensions of the unit cell of the crystal of hydrazobenzene show an approximate tetragonal 
Bymmoivy for the crystal with c axis as the axis of symmetry. Measurements of magnetirj 
susceptibilities along three crystallographic axes made by Krishnan, et ah (1933) support the 
optical studies on the crystal. 


INTRODUCTION 


Azobenzone, stilbene and tolane, which crystallize in the monoclinic pris- 
matic class, form in interesting series. They all hare their space group. 

The unit cells, which contain 4 molecules each, have very similar dimensions. All 
the three crystals have been found to have a pseudo-orthorhombic structure 
with (201) plane, which is nearly perpendicular to tho ‘a’ axis as a plane of approxi- 
mate symmetry geometrically, magnetically and optically. Tho orientations of 
benzene rings in the unit cell are also similar in all these three crystals (Banerjee, 

which is related to 

azobenzene in the same way as stilbene is related to tolane, falls out of this 
series in an invteresting way. Its crystals display an approximate tetragonal 
S 3 nninetry with c axis as the axis of symmetry, as can be seen from the oiystallo- 
graphio studies described below. 


1938). Hydrobenzene, ^ NH. NH — ^ 


336i 
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morphological data and the unit cell of 
HYDRAZOBENZENB CRYSTAL 

Hydrazobenzene crystallizes in the bipyran^al class of orthorhombic crystals 
with axial ratios (Groth, 1910). 

a : 6 : c = 0.9787 : 1 : 1.2497 

The crystals show an approximate tetragonfil symmetry with angles between 
the m{110} faces being nearly equal to 90° and with a s: 6. 

X-ray rotation and oscillation photograplip taken about the ‘o’, ‘b’ and ‘c’ 
axes, using radiation of copper, gave for the nnit cell of the crystal ; 

a = 7.33A 
b = 7.61 
c = 18.72. 

These dimensions lead to the axial ratios a :h :c ^ 0.9763 : 1 : 2.492, which 
agree well with the goniometric determinations except that the c axis will have to 
be halved. 

The crystal density of 1.18 gm./c.c. found by the floation method gives 4 mole- 
cules of hydrazobenzene in the unit cell of the crystal. 

These axial dimensions also point out to the pseudo-tetragonal symmetry 
displayed by the crystal, since a 6 ^ c. 

Becker and Jancke (1921) have given the dimensions of the unit cell of hydra- 
zobenzene crystal as a = 11.10, b == 9.93, c = 9.33A with four molecules of hydrazo 
benzene in the unit cell. These results are inconsistent with the morphological 
data on the crystal (Groth, 1919). They also do not agree with our determination 
of the dimensions of the unit cell of hydrazobenzene crystal. 

MAGNETIC DATA ON THE CKYSTAL OF 
HYDBAZOBENZENE 

Krishnan, Guha and Banorjoe (1933) determined the magnetic susceptibilities 
of tlie orthorhombic crystals of hydrazobenzene along its three crystallogi’aphic 
axes and found that 

Xf, = -130.4 

(the unit for x'^ being 10“® of a e.g.s. electromagnetic unit). 

The mean susceptibility of —109.2 determined for this crystal differs from 
BascaFs additive value of —121.3. The mean susceptibilities and pascal’s addi- 
tive values have generally been found to agree closely with each other in the case 
of many organic compounds; azobenzene and hydrazobenzene are, however, strik- 
ing exceptions. 

4 
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Assuming that the two benzene rings in the molecule of hydrazobenzene 
lie in the same plane or in planes parallel to each other, it would be easy to see 
that the anisotropy of hydrazobenzene molecule {Ki —K\\) would be nearly that 
of two benzene rings. The direction-cosines I, m and n, with reference to the 
crystallographic o, 6, c axes, of the normal to the plane of the benzene rings can 
be calculated from the following relations : 


f—m^ 


_ Xh-Xa 
- 




_ ^c—Xa 

K,-Kn 


= 1 , 

where = 108. 

Substituting the values obtained by Krishnan, Guha and Banerjec, we gi;' 
I = cos 61° 21' 
m — cos 43° 20' 
n = cos 73° 30' 


OPTICAL MEASUREMENTS ON HYDRAZOBENZENE 

CRYSTAL 

The magnetic susceptibilities would further suggest that of the three refrac- 
tive indices a, /? and y, the highest refractive index, 7, should be along c-axis while 
a and should bo along b and a axes respectively, and that a x << y. 

The optical measurements made on the crystal of hydrazobenzene fully fulfil 
these anticipations. Determination of refractive indices with the help of Abbe- 
Pulfrich refractomoter and by the Becko immersion method gave 

a = 1.595 (along b axis) 

= 1.602 (along a axis) 

7 =s 1.700 (along c axis), 

a (100) being the optic axial plane. The optic axial angle (2V) from these measure- 
ments comes out to be 31° 20'. The crystal shows positive briefringence. The near 
equality of the refractive indices along a and 6 axes of the crystal points out to 
the pseudo-tetragonal character of its structure with c-axis as the axis of sjrmmetry. 
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ORIENTATIONS OP BENZENE RINGS IN THE 
CRYSTAL OF HY DRAZOBENZENE, DEDUCED PROM 

OPTICAL DATA 

Taking the density of the crystal of hydrazobcnzone as 1.18 gm./c.c., the 
gram-raolecular refraotivities along the crystallographic axes, defined by the 
Lorentz constant 


n*— 1 M ,, , 

, would be : 

n^+2 p 

Ba = 68.63 
Bi, = 68.03 
Be == 76.86 

The gram-molecular refractivitics of the benzene molecule for vibrations along 
the normal to its plane and along directions in its plane are 16.4 and 32.6 respec- 
tively (Krishnan 1929), so that the birefringence of the benzene molecule is 16.2. 
Then, assuming that the optical moments induced in different benzene rings 
exert no influence on one another, the birefringence ) of the hydrazo- 

benzene molecule which has two benzene rings in the same or parallel planes should 
not be much differcuit from 32.4. The orientations of the benzene rings in the 
crystal of hydrazobenzene can then be calculated from the optical data using 
the relations : 




Bij Mg 




Be — Rg 

R\\ — Rx. 


where I, m and n are the direction — cosines of the angles which the normal to the 
plane of the benzene rings in the molecule of hydrozobenzene makes with a, b 
and c axes of the crystal. Substituting the measured values of gram-molecular 
rcfractivities in the above equations, we get 


I = cos 49° 36' 
m 2 = cos 48° 42' 
n = cos 67° 42' 


which are in fairly good agreement with the direction-cosines obtained from 
the magnetic data. The small difference observed between the orientations 
of benzene rings in the crystal of hydrazobenzene from the optical and magnetic 
flata is due to the fact that the mutual influences between the optical dipole 
moments of neighbouring molecules are quite large and not negligible as assumed. 
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Verification of these conclusions regarding orientations of the benzene rmgs 
by a complete and quantitative study of the structure of the hydrazobenzene 
crystal by X-ray methods would be very interesting. 

The author is grateful to the authorities of the Indian Association for the 
Cultivation of Science, Calcutta, for giving the necessary facilities for major 
portion of the present work several years ago. 
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ABSTRACT. By analysing tlie low tomporttliire viscosity data of Ifg and D2 effect 
of stretching on the interiuf>locular poteiitialn of and Dg has been considered. In the cal- 
culations quantum effects have also beoii taken into account. The results confirm the sugges- 
tion by Barua and Saraii regarding the tem})eratute depoudonoe of the difference in the inter- 
molocular potentials of Hg and Bg. 

INTRODUCTION 

In recent years, the difference in the intermolccul r potentials of and 
Dg has received attention from a number of workers. 1 reviously, the general 
convention was to assume the potentials of isotopes to be identical. However, 
Michels, do Graaf and Scldam (1960) from an analysis of the accurate second virial 
coefficient data of Michels et al. (1959) first observed a definite difference in the 
intermolocular potentials of and Dj. This was corroborated by Saran and 
Barua (1965) from an analysis of the viscosity data of and reported by 
Barua, Afzal, Flynn and Ross (1964). From the theoretical side, Knaap and 
Beenakkor (1961) suggested that difference in the intermolecular potentials of 
/f, and Dg was due to the difference in their polarizabilities. Subsequently, 
Barua and Saran (1963) from an analysis of the second virial coefficient data 
(Michels et al., 1960) obtained a regular temperature dependence of the difference 
in the intermolecular potentials of //g and D, which they explained as due to the 
temperature dependence of the polarizabilities of the <e gases. This temperature 
dependence of the polarizability comes mainly due to the stretching of the mole- 
cules with the increase of temperature. More recently, Mason, Amdur and 
Oppenheim (1965) have analysed various transport properties data including vis- 
cosity data for ffg and Dg and confirmed the results obtained by Michels ei al. 
(1960) and Saran and Barua (1965). Due to the non-availability of quantum 
corrections for the transport properties which become prominent for and jDg 
for temperatures below the room temperature, Saran and Barua (1965) had to 
limit their calculations to 300°K. However, recently quantum corrections for 
tha transport properties have been calculated for the Lennard-Jones (12 : 6) 
model (Xmam-Rahajoe, Curtiss and Bernstein 1066). In this paper we have 
examined the viscosity data of JEfg and Dg as reported by Rietveld, Itterbeek, 
and- Velds (1969) down to 14.4°K. 
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THEORETICAL FORMULAE 

For all oiir calculations we shall use the Lennard-Jones (12:6) potential, which 
may be written as, 

#(r) = 4.[(5)“-(^)"] ... (I) 

where (f>(r) is the potential energy between two molecules separated by a distance 
r, e is the depth of potential minimum and <r is the value of r for which ^(r) = 0, 
The Lennard-Jones (12 : 6) potential holds strictly for spherically symmetrical 
molecules, i.e. it is incapable of taking into account inelastic collisions. How- 
ever, as pointed out by Mason et al, (1962), viscosity is unaffected (to the first ap- 
proximation) by inelastic collisions and at least for this particular property it is 
justified to use sjjherically symmetric potential. 

The reduced coefficient of viscosity, (Saran and Barua, 1966) may be 
written as 

... ( 2 ) 

which is a function of T* = kTje. 

From Eq. (2) we can obtain the expression, 

VILZVb = 1_ (3) 

Vh Vh 

where the subscripts H and D stand for i ?2 and respectively and m represents 
the mass. 

Let p = 

then neglecting the higher terms, 

o-jj-® = o-fl-® ( I + 2/j) • • • (4) 

By developing rj*(T*i)) around the corresponding values of 
we get 

7i*(T*d) = v*(T*H)+{T*D-T*H)dv*ldT*H 

= v*(^*H)+T.S.dri*ldT, ... ( 6 ) 

where S = {eH—eH)I^D 

The magnitude of p is small (Knaap and Beenakker, 1961) and we shall neglect 
it in our considerations. Eq. (3) may thus be written as, 

... ( 6 ) 

VH VH ^ J 

Since, = 2m ff and y/cDlejs «(1 — ^S) 




( 7 ) 
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We obtain finally, 


Vh—Vd 

Vh 


W2(l-|)[l + 


Vh 


dvH ] 
~dT J 


= ... ( 8 ) 

neglecting higher orders in S. 

From the theoretical side, following the procedure of Knaap and Beenakker 
(1961) and neglecting the difference in the repulsive energy of and D^, we 
obtain 




I 2Aa(r) . -W /, 2Aa(T)y-i a/^) ] 
L \ cch(T) } \ \ och(T) I J 2 Aa(r) J 


-1 


... (9) 


where Aa(T) = a//(T)— ajr)(T), a(T) being the polarizability at temperature T. 

However, polarizability of molecules depends on internuolear distance and the 
stretcliing of the molecules with the increase of tc^mperature will affect polari- 
zability and consequently the intermolecular pot(mtials. For a diatomic mole- 
cule the stretching duo to vibrations and dotations may be expressed as (Boll, 1942) 

2;rVy 27r^/iry ^ ' 

whore jii is the reduced mass, v the frequency of vibration, the equilibrium 
internuolear distance and cr = By knowing a' ~ {dajdr)^ the change 

of polarizability due to stretching can be calculated, a'n has been calculated 
accurately by Ishiguro et aL (1952) a'j[> can be obtained from the relation, 


aV- 


l{v„- 


{IrIIo )d 

(IkIIo)h Uvo— v)*d 


V)‘tf 


flH'*H 






-iVr 




(11) 


where I is the intensity of the incident radiation of frequency Vq, Iq the intensity 
of Rayleigh scattering and Ir the intensity of Raman lino of frequency Vo— v, 
y denotes the anisotropy and y' — dyjdr. We have taken ag, ys, yo and a's 
as obtained by Ishiguro et al. (1952). From the measurements of IrIIo for and 
i>2 by Bhagabantam (1931, 1932), a'o can be calculated from Eq. (11). Taking 
the value of a'g = 1.411 x 10~“ we get a'n == 3.364 x 10~**. 

ME^THOD OF CALCULATION 

Since we are concerned with low temperature data, it is necessary to account 
for quantum effects for the application of the theoretical formulae given above. 
These quantum corrections arise from symmetry and quantum effects and are 
particularly prominent for the lighter gases at low temperatures. Recently, 
Imam*Rahajoe, Curtiss and Bernstein (1965) have calculated from the phase-shifts 
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the quaniiiin mechanical collision integrals for the Lennard-Jones (12 : 6) potential. 
In order to correct the experimental viscosity data for the quantum effects we 
have utilized the relation 


where the subscripts c and q stand for classical and quantum mechanical values, 
f 2 < 2 , 2 )m’Q collision integrals, T* — kTje, A* — hjer \/2/ity is the quantum 

parameter, C is a function of the molecular weight, collision cross-section and 
temperatures (Ilirschfelder, Curtiss and Bird, 1954). The force constants re- 
quired for the calculation were obtained by fitting the experimental viscosity data 
to the Lennard-Jones (12 : 6) potential by the method of translation of axes 
(Mason and Rice, 1954). The results obtained are shown in Table II and are in 

TABLE I 

Experimental and calculated values of S 


T “K 

■nnlVH 

Sexp 

8ca{c* 

20.4 

1.456 

0.067 

0.058 

71.5 

1.446 

0.061 

0.066 

90.1 

1.441 

0.064 

0.056 

196.0 

1.418 

0.013 

0.051 

229.0 

i .413 

-0.004 

0.061 


TABLE II 

Force constants of and 




I’his work 


Diller and Mason (1966) 


«/* CK) 

a (A) 

A* 

tIKK) 

0(1) 

A* 


38.9 

2.89 

1.71 

37.2 

2.97 

1.70 

Da 

36.08 

2.969 

1.24 

35.0 

2.976 

1.238 


good agreement with those reported by Diller and Mason (1966). It was, however, 
observed that the viscosity data of as reported by Rietveld et ah ( 1950) are syste- 
matically lower than the more precise data of Kestin and Nagashima (1964) at 
20®C and 30®C and those of Barua, Afzal, Flynn and Ross (1964) in the range 
— 50°C to ISO^’C. It appears that the lower viscosity values of Rietveld et ah 
(1959) may be due to the presence of hydrogen as impurity. In order to correct 
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for this we have calculated the percentage of hydrogen from the simple formula 
for the viscosity of gas mixtures 

1 xh 

V[Vmix\x 

By taking the viscosity data (at zero density) of Barua et al, (1964) as the correct 
(lata for Dg and ^he experimental valties of viscosity of D^, we have xh 

the molefraction of i/g in from Eq. (13) . From three over]aj)ping tempera- 
tures the average percentage of IJ^ in comes Out to bo 2.07. We have correctc^d 
the experimental values of the viscosity of for th(^ presence of i/g according 
to the rigorous formulae for the viscosity of gas-^inixtiin's on the Chapman-Enskog 
theory. In order to obtain drjuldT we have fitted the viscosity data to the 
2 )()lyTiomial 

VH - a+hT+cr\ (14) 

by the least square, the coefficients being a = 2.8195/iP b — 0.43/4P''K~^ 
c —0.4584 X 10^^//P°K-”^. Tlie polynomial fit the data within an average devia- 
tion of 2% and for the viscosity value at 14.4°K, the deviation is about 10% 
wliich may very well be due to experimental error. Consequently, we shall leave 
the data at 14.4‘^K out of our consideration. Experimental values of S can be 
calculated from Eq. (8) and are r('cordcd in column 3 of Table J . The thc^oretically 
calculated values of d are also showm in the same table. 

DISCUSSION OF RESULTS 

It may bo seen from Table 1 that the calculated and the experimental values 
of d shoAV the same trend of variation with temperature. At the lower temi^era- 
tures the agreement is quantitative. It must be pointed out that in view of our 
approximations and the small magnitude of d, even qualitative agreement between 
experimental and the calculated values of d should be considered as satisfactory. 
The results confirm the previously observed temperature dependence of Barua 
and Saran (1963). It is relevant here to refer to the suggestion of Mason et aL 
(1965) that the temperature dependence of S (Barua and Saran, 1963) may be due 
to the limitations of the Lennard-Jones (12:6) model. However, it has been shown 
that both viscosity and second virial data show a temperature dependence of 
S (Saran and Barua, 1965). From physical principles as well, intermolecular 
potentials should change with temperature as polarizability changes with tempera- 
ture. That this effect plays a prominent role in diatomic molecules has also been 
shown by Saran and Deb(1966). Consequently a variation in S with temperature 
is expected. Since Lennard-Jones (12 : 6) potential gives results which are con- 
sistent from the experimental and theoretical viewpoints it is perhaps not quite 
justified to ascribe the temperature dependence of S (Barua and Saran, 1963) as 
due to an artifact of the model used for intermolecular forces. If the potential 
5 
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model fails to give expected results then perhaps one of the reasons for the failure 
may be ascribed to the limitation of the model used. 
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ABSTRACT. If the equation of entropy -gonerStion, considered as phenomenological 
liiw, is taken as the starting-point, general symix otryyrolations, which are generaliations of 
Orisager relation, can be obtained. For this, the faoh that generalised forces are difterenoes 
or gradients of somo thermodynamic quantities is to fully utilised. Then, by simple and 
straightforward calculations, these symmetry-relations can be seen to bo invariant under 
the general group of linear transformations of forces or fluxes. So, those symmetry -relations 
are natural laws as the Onsager reciprocal relation. 

INTRODUCTION 

la the linear theory of irreversible phenomenae, the Onsager reciprocal rela- 
tion plays a very important role (Onsager 1931, do Groot, 1961) and is considered 
as a fundamental law. But it is seen that the linear theory is not suitable in some 
cases, particularly when the chemical reactions are important in the irreversable 
processes (de Groot, 1961). Some attempts have been made to formulate and 
develop a non-linear theory. In this theory, the symmetry relations of higher 
order are important. 

Hero, symmetry-relations of higher order have been deduced simply from the 
well-known fact that the thermodynamic generalised forces are differences or 
gradients of some thermodynamic quantities, (generally intensive variables). 
The equation of entropy generation, taken in the usual form, is considered as a 
basic law and the closed study of its implications has been made. From this study 
the invariance of symmetry-relation of higher order under a general group of linear 
transformations of forces or fluxes follows simply and straight-forwardly. 

BASIC NOTIONS AND THEIR SIONIFICANCES 

As already stated, a generalised force, X'^, is the difference of some thermody- 
namic quantity ** like temperature, concentration, some potentials, etc. and so 
we can write, 

X'‘ = Aa:'‘ ... (1) 

The equation of entropy-generation is usually written as 

cr = A8, = 

* At present. Professor of Mathexnatios, Powai, Bombay-76, India. 
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(2) 



348 


M. Dutta 


whore o’ m knoT\Ti as entropy-generation and is really the change of the entropy 
of system duo to internal changes, is the flux corresponding to the generalised 
force and the summation-convention, i.e., when the prefix and the suffix are 
same, it means summation over all possible values, has been used. After de Groot 
(1951), wc shall consider the generalised forces as of a components linear vector, 
i.e., any linear combination of the forces, is also a generalised force. Then, 
as the consequence of the equation (2), the flux is also a vector. Of course, for 
general group of linear transformations, the generalised force is a contragradient 
vector and the flux a covariant vector. Thus if we consider a linear transformation 
of forces as 


= ... (3) 

then the law of transformation of the fluxes is 

= ... (4) 

From the equations (1) and (2), we also get. 


J 


n — 


dS, 

dx^ 


( 5 ) 


Also from experience and also from simple physical considerations, we have, 

Jfi^ffi{X^) ... ( 6 ) 

where fii(X^) denotes a functions of X^’s (having finite continuous derivatives of 
first i!-th order, k being a suitable number) with the usual conditions that at the 
equilibrium position, near about which all considerations are restricted, we have 

X'' = 0, Jti — 0 for all y's and /i'& (7) 


L I N liJ A R T H E O Ti Y 

For clear understanding of the present discussions, it appears that we should 
discuss the usual linear theory from the present stand point. 


* Now, the equation (5) is only a form of the implicit assumption of perfect differentiabilit y 
of tho Pfaffian expression represonting dS which dosei'ves a close miniite scrutiny. If equa - 
tions (1), (2) and (7), which have l^een clearly pentioned by de Groot (1951) as facts of 
experience, are adiritlod, the Onsagor i*ociprocal relation in plies and is in plied by the 
perfect difteronti ability of dSi. If this fact is accepted to be valid in general, the entire 
theory becomes very simple. In. the present dove- lopment, symmetries of higher order 
have been deduced esily and straightforwardly from this fact. But, the invariance of 
symmetry-relations of any order (if they exist) under the gneral group of linear transforma- 
tions does not depend on tliis fact and follows generally and directly from simple discuanios 
of linear transforn^ations as it can be seen here. 
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When the close neighbourhood of the equilibrium position, in which our consi- 
deration are restricted, is such that first approximation will suffice, from equation 
(6) wo have 

= ... ( 8 ) 

Then, from the relations (6), (7) and (8) w® get 


dx” dxdx'’ dr^dx'" dx’^ 


... (9) 


If 8 satisfies the usual conditions of committativity of the orders of partial dif- 
ferentiation. The relation 

L/iv = Lfp, ... ( 10 ) 

is the usual reciprocal relation of Onsager. 

Now from relations (3), (4) and (7), we have. 


= = P,'' ... (11) 

L\y, = L\^ ... (12) 

Thus, from (10) and from the commutativity of P/’b we get the invariance of 
symmetry-relation, viz, 

= - (13) 

The relation (13) also shows that Z/„„ is a covariant tensor of second order. 


N O N-L I N E A R THEORY OF THE SECOND ORDER 


When the neighbourhood of the equilibrium position is such that it is suffi- 
cient to retain terms of second order, we get, by Taylor’s theorem after neglecting 
the error. 


dJ^ 

dx" 


Ax’ 




dx”^ dx"^ 




= L^^X” + Z-iX”* 
where, when Vi ^ V 2 

_ 


... (14) 


LhVXV2 — 


dx^^dx^a 

d^Si 


dx''idx"’dx''2 


dx^dor^idx^a 

_r 


d>8. 




V2 


dx*2dx*2dx‘‘ d3P>id>‘ 


■‘V2mi> 
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and, when Vj = Vg = v, 

r _ 1 _ 1 -S 

2! dx'’dx'' 2! dx^dx^dx” 

_ 1 5*5 _ 1 d^J_ _ 1 r 

2! dx^dxt^dx^ 2! 2 

= 1 =: 1 L 

2! dx^dx^dx^ 2! dx^dx^dx*^ 2 


provided /Sy satisfies usual mathematical conditions of commutativity of orders 
of partial differentiation. Now, in expression (14), and Va are dummy sufiices 
so commutatation Vi and Vj will lead to no new result. So, we have the sjrmmetry 
relations of second orders as 


-Zz/iViVa = = i'VaViix 

and 

ijAVV == J 


... (16) 
... (16) 


When there are only two generalised forces and so two fluxes, we have 


■^122 — i *^212 — i -^ 221 > 

■^211 = i ^121 ^ i ^112 

Shrivastava and Kartar Singh (1966) was able to write these relations from some 
simple considerations. 

As before, from (3) and (4) and (14) we obtain 

= ... (17) 

From relations (16) and (16) and from the commutativity of fi/’s which are real 
numbers, we got invariance of the symmetric-relation. From (17) we also get 
that L^yy is a co variant affine tensor of third order. 


N O N-L INEAB THEORY OF k TH ORDER 


Now, when the neighbourhood about the equilibrium position is such that 
it will be sufficient to retain upto k th order say, by Taylor’s theorem after neglecting 
the error after A-th team, we get 


A®" + .^^-!L_Aa;v, Aa;v,\+...-f.,-- (. ) Aan>iAa:v,...A gvt 

dx” 2!\ dx'tidarfa / k\\dx'>i...dx^al 


= Xf^yX*’-l-ZnjiViVgXvi^Vj-|-...-f.Xr|iv....V|fc ... (1®) 

where 


L/lVi ... v*= 


npiX 

irk\ 


d^Jk 


• ♦ ♦ 


(19) 
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where /?< is the number of the » th group of equal indices of the index set V2, 
... Vfc. Now, as 7 's are dummy suflGioes, so no new result is obtained by inter- 
changing them. So, we get symmetry-relations as * 

••• “ ••• “ ••• ^ v* ... (20) 


^unnva ••• ••• w — ••• — ••• ji> ^ V3 ... ^ Vjt (21) 

Lupn j ••• p ~ ••• ~~j^^pp ••• »ji» Vj = Vj = ... =Vt = V ... (22) 
These arc the symmetry-relations of l:-th onjier. Proceeding as before, we have, 


J'n — fi/Jv — ... ... 

So we got 

L n„i ... pj = hi^ ^pa ••• ^pk^fiot ••• oti j ^ 

Arguing as in the proceeding cases, we have the invariance of the symmetry -relation 
of j-th order, j ^ k. 

CONCLUDING REMARKS 


From our above discussion, it is clear that if in phenomenological theories, 
we proceed from slightly altered assumption, which are also facts of experience, 
we get not only our present-day linear theory but also its generalisation upto 
any higher order. The mathematical method used is simple and straightforward. 
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ABSTRACT. This paper reveals how the rolaxation iuotln>d can be Buitably applied 
to detonnine some iirportant quantities such as line currents in D. C. Three Wire Transmis- 
sion System. The equivalent circuit of this network system is used and the problem is solved 
easily by applying the principle of relaxational solution of D.C. network, considering the heat- 
ing effects of steady currents flowing in it. The values of the required quantities thus ob- 
tained are compared with those found out by the normal method of network analysis. 

INTRODUCTION 

D.C. Three Wire Transmission system (Starr, 1946) is used for having eonsidor- 
able economy in feeders and distributors, when the electrical energy to be supplied 
is fairly large. Although there are different methods for solving this problem 
the relaxation method proves to be of advantage for yielding many useful infor- 
mations simultaneously. 

In this problem an unbalanced D.C. Three Wire Transmission system, that 
means the outer lines carrying unequal currents resulting a flow of current in tluj 
neutral line, is considered as shown in Fig. 1. The equivalent circuit diagram 
can be conveniently drawn indicated in Fig. 2, which is then solved by the relaxa- 
tion method. 

First of all Southwell and Black (1938), and later on Dutta (1966), applied 
the relaxation method in the problem of D.C. networks and showed its useful- 
ness in solving the network problem represented by Fig. 2. 


A 



D 

Fig* 1 * Diagram for D.C* three wire Fig. 2. Equivalent Circuit diagram for D.C. 
Transmission-Network. three wire Transmission Net-work. 
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THE METHOD 

In the method described in this paper the heating effects of steady currents 
are considered. An electrical theorem in connection with the heating effects is 
used (Southwell and Black, 1938) and it can be enunciated as follows : 

*‘In a network of conductors to which specified currents are supplied at two 
or more nodal points the actual distribution of currents is such that the total 
generation of heat less twice the energy expended in supplying the specified cur- 
rents from a source at datum potential has its minimum value consistent with the 
satisfaction of Kirohoff’s second law.” 

Two nodal points A and 0 of the network shown in Fig. 2, are considered and 
they are joined by a conductor of resistance Bag* By Ohm's law a current of 
V ^ — 

^ ~ will flow from A to G, (F^ and Vq aJTo the potentials at A and G). If 

and Ig be the currents flowing towards A And G respectively then — = 1g 
==rgr^o(F^— Fcf), where Qag == V^ag* When all the conductors connected to A 
are considered, it can be put as, 

S 9r^o(F^~F(;)+/^o-0 ... (1) 

A 

1^0 denoting the current supplied to A from outside. Then the heat generated in 
AO is gAG(y A'-^Vg)^ and the total heat generated in the network can be written 
as, 

2H^i:gAG{VA-Vo? ... (2) 

nt 

S meaning the summation extending to every conductor. Also the rate of ex- 

m 

pondituro of energy is measured by /^oCF^— F q), if the current Iao is supplied 
to A from an outside source at the datum jiotential Fq. Then the total expendi- 
ture of energy is given by, 

S{/^o(F^— Fo)} = —-E 

n 

S denoting the summation extending to every nodal point. Hence the 

n 

(1) is typical of the conditions for a minimum value of the quantity, 

Q = H+E = Fg)*}+S{/4o{1"^- Vo)} ... (4) 

M n 

because it is equivalent to, 

Due to the presenoe of the souroo of E.M.F. (generators) tlie problem has to 
bo modified as indicated below and then can be solved easily by relaxation method 
using the above theorem. It can be modified by assuming that the whole E.M.F. 
of each source is utilized to pass currents to earth through its own resistance 
6 


... ( 3 ) 

equation 
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and the datum distribution of known currents to enter and to leave the network 
at nodal points is obtained Then the effects of neutralising currents are simply 
to be calculated and superposed at those points. 

Considering only the source of E.M.P. let A and F be supposed to be 
joined by a wire of zero resistance as shown by dotted line. Then the current 
passing through that source from A F would return by that wire and hence in 

E 

the datum distribution a current of enters the system at A and leaves at 

F, Bqi being the internal resistance of the source (generator). Next the current 
distribution is to bo calculated and superposed which will result when the neu- 
E E 

tralising currents + and — ^ are supplied at F and A after the source of 
Kgx 

E.M.F. is removed. 

Considering both the generators and all the branches of the network shown 
in Fig. 2, the expression for Q and the residuals can be written with the help of 
equation (4) as given below : 


^AO O ^Gx ^Gx 


+ (ZgrW + fcw + +2 iMyo-y.-iyo-y.)) ... 


Fgca 


Hence, 

_ 19 = -YfuIa Vg-Vd ^ 0 = Pg ' 

dVa Rfb'g Rfc'g Fdq 

dQ _ Vq-Va Va-Vf _ li = _ Fa 

dV A ^ag ^gi Foi Rgi 

_dQ _ Vo-Vf Va-Vf^ Vq-Vf Vf-Yd _ ^ 
dVF Bfb'g Fgi Ffc’g FgT' 

- - Vg-Vd Vf-Vd ■ 

dVo Bdq B<3% Foi Fda 


( 6 ) 


If these residuals Fa, Fa, Ff and Fd obtained initially are liquidated, the poten- 
tials at the points A, O, F and D are found out and the corresponding currents 
can be calculated from them knowing the required resistances of different branches. 
In order to liquidate them the basic unit, group operation and the relaxation 
tables (Table I and II) are prepared (Allen, 1964; Dutta, 1966). All these proce- 
dures are elaborately shown in the following illustration. 

The following example worked out by Christie (1962) using different method 
is taken for illustration. 
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In the D.C. Three Wire Transmission System shown in Fig. 1, the E,M.F. 
of the generators are Ei = ~ 110 volts, the internal resistances of the generators 
are Boi — Bat — 0.2 ohm, the resistance of the neutral wire is Bpa = 0.4 ohm, 
the outer line resistances are Bab = Bbc — 0.1 ohm, the load resistances are 
Bbo = 8.0 ohms and Boc — 10.0 ohms. The currents flowing in the two outer 
and the neutral wires are to be found out. 

From the supplied data, the values of the resistances of different branches 
of the network shown in Fig. 2, are Baq = Bab+Bbg == 8.1 ohms, 
Rdo — Bdc+ Bca = 10.1 ohms, Bpc'c = Bf^g = 2 x Bpo — 0.8 ohm. 

With the substitution of the numerical values in the relation (6) and (6), it 
can bo written as follows : 


2 Q = +2 x 650(7^- F/.)+ 


(Vg-Vd? 

10.1 


f X 660( Vf- Vd) 


or 20 = 4- , (1^0- Fn)* , (Vf-Vd? 

^ 8.1 0.4 ■ ^ 02“ ^ “161 ~ W” 

+2 x 650(F4-FF)+2 x 600(Ff-Fi)) ... (Sa) 


dQ 

dFo‘ 

dQ 


dVA 


- 

8.1 

' 8.1 


YpilYi 

0.4 


■Vd 


10.1 


0 = Fg 


Z^^._660 = -660 = Fa 


dQ _ Fc-Fi. Va-Vf _ r^-Fz, _ n _ p 
dVF 0.4“'^' 0.2 “0:2 " 

= Y<i~Yp 4- YfzzYp -f 660 = 660 = Fp 
dVo lO.l 0.2 


... (6a) 


On liquidating the residuals the potentials at different nodal points are ob- 
tained from the relaxation table. Then the required currents can be easily cal- 
culated from those values of potentials and the resistances of the outer and neutral 
wires as given below ; 

Fo^ = 106.4280 volts; where Fo^ is the potential of 0 with respect to A, 

Vdg = 108.7914 ” ; Fzk? D O, 

VpG = 0,9432 ” ; Vfq F Q, 

Iqa — 13.13 amps; where Iqa » the current flowing in the wire joining Oandii , 

Ino =*= 10.78 ” ; Idg 2) O, 

Jfg ss 2.46 Ifq 
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The values of the currents in the wires GA, DO and FG thus found by relaxa- 
tion method are compared with those calculated by conventional method of 
network analysis and they are found to be in good agreement as shown in the 
(Table III) below : 


TABLE m 
Comparison of values 


Unknown 

quantities 

Values ^IcuIm tod by 

Relaxation 

Method 

Convontiona] 

Method 

! 1 

13.13 amps 

13.30 amj)s 


10.78 amps 

10.90 amps 

Ijro' 

2 . 46 amps 

2 . 40 amps 


DISCUSSION 

This method is seen to bo a convenient one for having the values of all the 
unknown quantities obtained simultaneously, such as the potentials at the nodal 
points in the problem . With the increase of the number of branches of the network 
in the electrical problems, the conventional methods become laborious whereas 
tliis method can yield much quicker solution preferably with little practice of 
relaxation technique. In this method the internal resistances of the generators 
or the resistances of the paths AF and FD are to be known in order that the cur- 
rent in the datum distribution may be calculated. 

ACKNaWLEDGMKN'l’ 

The author is highly indebted to Prof. A. K. Sengupta, D.Sc., A.M.l.E.E. 
(London), Head of the Department of Applied Physics, Calcutta University, for 
his help and guidance throughout the progress of this work. 

REFERENCES 

Allen, D. N. de G., 1954, Relaxation Methods, (McGraw-ITill Book Co., Inc., Now York 
Chapter 1 and 2, 

Black, A. N. and Southwell, R. V., 1938, Proc. Roy. Soc. A 164 , 447. 

Christie, C. V., 1952, EUctrioal Engineering, MoGniw-IliU Book Co. Ino. Now York 91 . 

Dutta, S. N., 1966, Indian J. Phys. 40 , 7, 163. 

Southwell, R. V., 1951, Relaantum JkfetAods m .Enj 7 mcm'n |7 Scienee, Oxford University 
Frees, London Chapter VI.. 

Starr, A. T., 1946, Generation, Tramtniaaion and UtUiaation of Eleotrical Power, Sir 
Issac Pitman & Sons Ltd., London 33. 



44 


EFFECT OF HIGHER ORDER PARTIAL WAVE PHASE- 
SHIFTS IN ELASTIC ELECTRON SCATTERING BY 

HELIUM ATOM 

S. N. BANERJEE ajtd N. C. Sil 

Dkpartmeut op TiiborbtioaIi Physios, 

India?! Assooiation* for the Cultivatioj! op Soibnoe, 

Jadavpitb, Cai.outta-32. 

(Received September 29, 1966) 

ABSTRACT. In elastic c“He scattering in the energy range of 13,6 ev to 54.4 ev we 
have computed in the Bom approximation the higher order phase-shifts (^>3) ; making use 
of lower order phase-shifts (t.e. for Z=0, 1, 2) from the calculation of LaBahn and Callaway 
(1966), we find that the inclusion of the higher order phase-shifts considerably improves the 
value of the total and differential cross-sections in bringing them to better agreement with 
the experimental results. 


INTRODUCTION 

Recently LaBahn and Callaway (1966) have investigated the elastic scattering 
of electrons by helimn atom in the energy range of 0 to 60 ev. Taking into account 
both the exchange and polarisation effects, they have calculated the 8, P and D- 
wave phase-shifts in throe different approximations viz. i) adiabatic— exchange 
(ii) Bjmamic-exchange with all components and (iii) dynamic-exchange with only 
the dipole component. They have not, however, considered the phase-shifts for 
I > 3, which are expected to be of considerable importance specially at higher 
energies. 

For scattering in the energy of 13.6 ev to 64.4 ev, we have computed in the 
Born approximation those higher order phase-shifts which contribute appreciably 
to the scattering cross-sections. For such energies and for such higher order phase- 
shifts, it will bo enough to take only the asymptotic part of the potential which 
in effect will be a term of the form — a/r* coming from the polarisation potential, 
the screened coulomb potential and other short-range potentials will have no 
appreciable contribution to it. As the exchange effect decreases with increase in 
energy and increase in order of phase-shifts, it will be consistent to neglect ex- 
change terms. The fact that the higher order phase-shifts have small values gives 
us the reasonable justification for using the Bom’s approximation in calculating 
the phase-shifts. 
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THEORY 

The Born approximation for the phase-shift is given by 

* ymmfrHr 

n 0 

where ji(r) = j* . J{+j(V). 

and the symbols have their usual signihcances, 'F(r) is the total potential. 

With potential F(r) = —(ajr*), we may vfrito (cf. Mott and Massey, 1966) 

= lhV~^ r0T(z-2j-^/2) 

A* ' \ 2l • [r(2)]Xr(i+2+i) 

the constant a is the polarisability of the He atom and its value is 1.376 Oq®. The 
differential cross section I{0) is given by 

1(6) = ~ I S(2i+ l)e*’«. sin (cos 6) 1 2 
47r 

and total cross section Q= - ^ S(21+l)) sin*?/^. 

RESULTS AND DISCUSSIONS 

The phase-shifts in radions for Z = 3, 4, 6 and 6 waves are given in Table I 
for five different energies. 


TABLE II 


Energy in ev 

1^3 

i=4 

1^5 

i=6 

13.6 

.0374 

.0124 

.0067 


21.25 

.04285 

.019493 

.010496 

.00629 

30.60 

.066834 

.030379 

.016358 

.00981 

41.65 

.08439 

.0383 

.02065 

.01239 

54.40 

.109786 

.049903 

.02687 

.01622 


LaBahn and Callaway (1966) have calculated 8, P, D ware phase shifts in 
three different types of approximations, of which the dynamic exchange approxi- 
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mation with only the dipole component gives the best agreement with experi- 
ment. Hcncf^ we have calculated the total and differential cross sections by 
using the S, P, D wave phawe-shifts of Labahn and Callaway (1966) djuamic 
exchatigo approximatin with dipole component only and the higher order phase 
shifts computed here in the Born aj)proximation. 



Fig. 1. Energy (ov). Tho total cross soctioii Q is plotted against energy. Curve A — 
Prosoiii Ciilculution; Curve 15 — Calculation by balialin and Callaway (10G6) ; . — oxporimontal 
results of "Normand (1930) ; dasljod and dotted curve is that of Bandel and Golden (1965). 


In fig. 1, wo have plotted our calculated values of the total cross section 


against energy for the dynamic exchange 



Difforoiiiial cross section 1($) is plotted 
against 0 for 21.25 ev energy. Curve A — Pre- 
sent Calculation ; Curve B — Calculation 
using only Sy P. D wave phase-shifts of 
BaBahn andCallaway ; — experimental 

results at 20 ov. 


case with the dipole component only. 



Differential cross seotion I($) is plotted 
against 0 for 30.6 ev energy. Curve 
A — Present Calculation ; Curve B — 
Calculation using tho 6*, P, D wave 
phase-shifts of LaBahn and Callaway. 
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The theoretical results of LaBahn and Callaway (1966) in the dynamic exchange 
approximation with dipole component only and the experimental values of Bandel 
and Golden (1966) and Normand (1930) are shown for comparison. To get accurate- 
ly Normand’s experimental data of elastic scattciring excitation cross section data 
of Gabriel and Heddle (1960) are added to those of ionisation cross section of Smith 
(1930) and the sum is subtracted from the total cross section data of Normand 
(1930), after increasing its value by 25% acccirding to the suggestion of Gabriel 
and Heddle (1960). The discrepancy still left n^^y be partially due to over simpli- 
fication of the dynamics of the scattering elytron in describing the distortion 
interaction and due to the influence of inelastic processes on the elastic scattering. 
In figs. 2 and 3, we have shown calculated diffi^rential cross section 1 ( 0 ) for 
21.25 ev and 30.6 ev electron energies respectively against scattering angles 0 
together with the available experimental resufes. These calculations have been 
done only for the dynamic exchange case in dipole approximation. 

From the above figures, we see that the tendency of higher order phase-shifts 
is to give a sharp increase in the differential cross section for forward scattering 
angles. It should be mentioned that wc have neglected exchange in the energy 
range of 13.6 ev to 54.4 ev in our coinjmtation of the phase shifts. This is justi- 
fied because in the energy range concerned, influence of exchange decreases part i- 
cularly for higher order partial waves. 
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ABSTRACT. Magnotio susceptibility of three V** oompounds have been examined 
over a temperature range of iOO^K to 100“K Appreciable variation of magnetic moment 
for t7+* ion from salt to salt and also with temperature has been observed for all the com- 
pounds. A theory of magnotio susceptibility based on point charge model has been worked 
out for 17+* ion in crystalline state. Tlie calculation yields a nonmagnetic singlet as the ground 
state and a doublet close to it. The experimental results are satisfeuitorily explained. 

INTRODUCTION 

The magnetic properties of the actinide group of elements have received 
rather limited attention. In the past both the experimental and theoretical wor- 
kers focussed their interest on iron and rare earth group of salts and the fine details 
of their magnetic properties are now well understood. In the actinides the basic 
confusion arose with the ground state configuration of the magnetic electrons. 
Dawson (1952) reviewed the magnetic susceptibility data of some of the actinide 
complexes and concluded that for ions with one or two electrons the 6d rather 
than 6/ shell electrons are the important magnetic ones. His suggestion was 
based on the fact that many of the ions of the actinide group of compounds indi- 
cate spin only moments similar to those found in the iron group of compounds. 
However, Hutchison and Candela (1967) indicated that the magnetic electrons 
in the 6/ shell in crystalline environment can also give rise to effective spin only 
value of magnetic moment. This was also confirmed from the optical absoption 
studies which showed similarity in the absorption spectrum with the rare earth 
salts in which the magnetic electrons are in the 4/ shell. Also an analysis of U+* 
ion spectra (Satten, et al. 1960) reveals that the electronic energy levels are widely 
separated, indicating that the crystaUine stark splitting in the U+^ salts is large 
compared to the rare earth salts. 

Dawson (1962), Hutchison and Candela (1967) observed a small temperature 
independent susceptibility for chloride complexes and a large temperature 
dependent susceptibility for fluoride complexes of uranium. The results were inter- 
preted taking a six coordinated cubic field and an eight coordinated cubic field 
in chloride and fluoride complexes respectively. Six coordinated cubic field 
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acting on U+* ionsp lits the grounds tate 6/® *H4 into four distinct levelsFi, Fi, Fs, 
Fj (Bethe’s notation, 1929) in which Fj, a nonmagnetic singlet lies lowest. The 
next higher state F4 is considerably removed from F^ giving a temperature inde- 
pendent paramagnetic susceptibility. If the crystal field is of eight coordinated 
cubic symmetry then a degenerate state Fj is lowest, and Fg, F* and Fi are consider- 
ably removed from the ground level Fg. The degenerate groimd level contributes 
a temperature dependent paramagnetism and ftie quantitative expression is similar 
to a spin only value with effective spin /S' = t. But this simple theory does not 
predict a Curio-Weiss law dependence of susceptibility in UF4 specimen observed 
by Loask, Osborne and Wolf (1961). Moreovifcr, observed magnitude of the high 
frequency paramegnotism in UF4 specimen his also not been confirmed by the 
theory. Therefore there is a discrepancy betwjjen the experimental result and the 
theoretical understanding of the origin of magnetism in UF4 complexes. The 
present work is an extension of the earlier work of Hutchison and Candela (1957). 
The object has been to investigate the nature and symmetry of the crystalline 
field and their influence on magnetic properties of UF4 complexes. 

PREPARATION AND STRUCTURAL DATA 

The complexes were prepared by photochemical reduction of uranyl ion in 
the presence of fluoride ion and also ammonia, hydroxylamine and hydrazine res- 
pectively, (chemicals used were of E. Merck quality). On chemical analysis they 
were found to possess the formula : (1) Ammonium uranium fluoride UF4NH4F.H2O 
(2) Hydrazine uranium fluoride IIF4N2H4.HF(3), Hydroxylamine uranium fluoride 
UF4NH2OH.HF. They were all emerald green in colour and fine crystalline in 
form and insoluble in water. The coordination in the three double salts are the 
same as in UF4 (Sahoo et al. 1961). 

The x-ray crystallographic information is available for XJF4. Zachariasen 
(1949) has shown that the space group is C%^. The compound is monoclinic with 
12 stoichiometric molecules per unit cell. The choice of axis corresponds to a 
body centered translational group. The unit cell diamonsions referring to a base 
centered translational group and space group setting c2/c are 

oi = 12.79±0.06 

Ug = 10.72±0.06 

a, = 8.39±0.06 

and ag = 126“ 10'±30' 

The positions of uranium in unit cell are iuj in T(0, «, 1/4) with u = 0.20 and 
8«n in ±{x,y,z), (a;, ^,*-fl/2) with ar = 0.208, y = 0.437 and 2 = 0.17. The 
fluorine positions are unknown. 
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EXPERIMENTAL METHOD 

Tho susceptibility balance with an electronic detection system and a pair of 
compensating coils for balancing the magnetic force was described by Subrah- 
maniam (1966) in an earlier communication. The sample capsule was suspended 
from one arm of the magnetic balance by means of a tungsten fibre (60 S.W.G.) 
and its vertical position was adjusted to within :i:0.05 mm. with the aid of the 
electronic detection system. The sample capsule was made of Pyrex glass. The 
capacity of the capsule was 1/8 inch in diameter and 3/16 inch long with external 
dimension of 1/4 inch in diameter and 9/32 inch in length. The diamagnetic 
susceptibility (~ 10“*’) of Pyrex glass capsule at room temperature showed a 
reduction by 10% at 80°K. Tho capsule was annealed at 700°K for twenty-four 
hours. Even then the variation was observed (3%), hence this was considered 
as a correction to each point in temperature variation run. 

The molar susceptibility of each compound was calculated from the expression, 
XM = Xm(^) ] - ( 1 ) 

and that of the XJ+^ ion in each compound by 

Xm{U+*) = XM -S XM(i) 
i 

twhere xm the molar susceptibility of uranium compound and iw the molar 
susceptibility of the powdered KCr(S 04 ) 2 , I 2 H 2 O used as standard. 2 XM{i) 
is the sum of the molar diamagnetic susceptibilities of the diamagnetic consti- 
uents of the compound including diamagnetic contribution for (Selwood, 
1956), M is the molecular weight of tho uranium compound and Ms is the mole- 
cular weight of the standard KCr(S 04 ) 2 , 12H20, A/ is the increment of balance 
compensating current for the uranium compound corrected for the capsule 
increment, A/^ is the compensating current increment for the standard sample 
at the standardisation temperature and at the same field, Wg is the weight 
of tho standard sample and W is the weight of tht^ compound. As a check of the 
precision of the susceptibility measurement, data on ferric alum were obtained 
at several temperatures down to 80®K. The deviations from Onnes and 
Oosterhis’ values of molar susceptibility were only 0.2% at 300°K and 0.5% 
at 80"K. 

EXPERIMENTAL RESULTS 

Susceptibility measurements wore made at ton different temperatures of two 
independent preparations of ammonium uranium fluoride, hydrazine uranium 
fluoride and hydroxylamino uranium fluoride. The measurement on each pre- 
paration at a given temperature represents an average of at least three determi- 
nations differing by not more than 0.1%. The data on different independent 
preparations have coincided too closely to be distinguished, 
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The results are presented in table I and the curves are drawn in Fig. 1, where 
the square of the effective moment 

= 8.00;^:j/7’. ... (2) 

is plotted against absolute temperature T. 



120 160 200 240 230 320 .360 

Teraponituro in °K 
riff. 1. ExperimoTital ourvo 
I. Hydrazino iiranhun fluoride, 

II. Ammonium uranium fluoride. 

TTI. llydroxylamino uranium fluoride. 

IV. Uf 4 data of Leask, Osborne and Wolf. (1061) 

TABLE I 

Temperature variation of suspcetibility of U+* complexes 


Hydrazine uranium 

Ammonium uranium 

Hydroxylamine uranium 

fluoride 

fluoride 

fluoride 

mass of the sample 

ir ass of the samyfle 

mass of the sample 

=-0.0872 gm. 

-0.0680 gra. 

=0.1062 gm. 


T’^k X(U**)X10^ pe^ 

T°h J**® 


353.0 

2988 

8.426 

353.0 

2003 

5.652 

352.5 

3438.0 

9.690 

351.0 

3030 

8.506 

299.0 

2488 

6.947 

298.0 

4029.1 

5.694 







220.0 

4769.1 

8.387 

299.0 

3523 

8.418 

224.0 

2813 

5.037 

218.0 

4809.1 

8.379 

227.0 

4155 

7.491 

213.0 

2899 

4.938 

191.0 

6161.1 

7.879 

223.0 

4203 

7.639 

207.0 

3030 

5.013 

169.0 

6473.1 

7.394 

386.0 

4506 

6.701 

186.0 

3266 

4.842 

127.0 

6412.1 

6.610 

162.0 

4822 

6.246 

166.0 

3409 

4.495 




139.0 

6246 

5.829 

160.0 

3526 

4.609 




127.0 

6459 

5.543 

139.0 

3739 

4.155 
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From the Table I it is observed that for all the three salts magnetic moment 
corresponds to a spin only value = 8.00) at room temperature. At low tem- 

perature appreciable departure from Curie law is observed. This departure varies 
from salt to salt. The experimental results show temperature dependence of the 
type = 8.00 (AT+.B+C'/T) where A, B and C are constants, representing 
high frequency, Curie and Weiss term respectively. Values oi A, B and C giving 
the best lit are shown in Table II. Table II shows that there is an appreciable 

TABLE II 


Sample 

A 

B 

0 

IT F 4 N 2 K 4 KF 

10 . 21 x 10 "^ 

0.8833 

-40.08 

U F^NHgOH HF 

9.250x10“^ 

1.093 

-49.35 

U H 3 O 

3.339x10-4 

0.7099 

-32.42 

♦ITF^ 

6.625x10-4 

0.8996 

-29.985 


•(Calculated from reack, 

Durwoll, W. (1961) 

(data). 


high frequency contribution as well as a somewhat large Weiss term in all the 
salts. The high frequency contribution as well as the Weiss term varies from 
salt to salt. The Curio term also changes from salt to salt. 

T H E O B Y 

V 

The electronic configuration of the two odd electrons in ion is 5/^ and the 
Russell-Saunders coupling is large compared to crystal field effect. The spin- 
orbit interaction gives ground state of U+^ ion as with an excited state 
SHg, considerably removed from the ground state (-•'6000 cm~^). The symmetry 
of the crystal field of ion is not known precisely. However, Burbank (1951) 
has estimated theoretically the F—F and U—F spacing. From the estimated 
structure based on chemical and packing considerations it seems reasonable that 
the crystal field acting on ion is made up of two parts : 

a) a dominant part of cubic symmetry due to a regular negative charges to 
which fluorine atoms approximate and (b) terms of lower symmetry on account of 
the displacement of fluorine atoms from regular cubic position surrounding each 
uranium ion. The total crystal field potential acting on the central ion is 
given by, 

V = SF(a:,, t/<, *,) = (^ -f ^ ) {36J/-30/(J-f 1) 

l)+3J*(J+l)*}+Hj{3J,*- J(J-f 1)}+ - (3) 
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where the term containing G represents the part of the field with cubic symmetry 
and those containing Hi and have tetragonal symmetry. Here we have neglected 
the sixth order cubic harmonic to simplify the calculation though this may have 
some contribution to the energy of the final levels. The final eigenstates and cor- 
responding values are given by, 

Wave functions Energy 

= r j4>-l-«|0>-|-r| — 4> Eg 

^s = p\-l>+q\3> 

=p\l>+q\-S> 



= r|4>— s|0>+r| — 4> Eg 

ii2 = 4rr|2>+~.~|-2> Eg 

V2 V2 

0i=P|3>-5'|-1> "I 

^1 =p\-3>-q]l> J 

where, 

Eg = -78(?-|-150/i-87fi 

= i[(-36G'-180/i-10Hi)-.B+]. 

Eg = 12G'-480/i-8Hi 

Hg = i[(96G'+480/i+8Hi)-iS_] 

Eg = 42G-h210Ii+28Hi 

= i[(-36(3'-180/i-10Hi)+^J 
Eg = i[(96(?-f480/i+8Hi)+j;_] 

«id j.+^=i 

JBdi — /Sf0 

r = and 2r*-|-a» = 1 

E+ = {(-90G(-460/i-1-24Hi)*-1-4(16V7G-106V7/i)*}* 

E, =« {(-12G‘-60/i+48Hi)»-f8(3V70(?-21 V70 /i)*}* 
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The energy level diagram (Fig, 2) shows that the four cubic levels are split up into 
seven components, each triplet is breaking up into a singlet and a degenerate 
doublet. The cubic field leaves a degenerate triplet <f>i) as the ground state. 



Free ion 4- spin orbit coupling 4- cubic field 4* tetragonal field. 

Fig. 2. Energy level diagram for ion in a tetroliedral coordination. 

The tetragonal field splitting gives rise to singlet lowest and the doublet( 9 S^, 
is close to this ground state singlet. The oth(‘r alternative of the doublet 
lying lowest with singlet above it is definitely ruled out because the curve 

slopes down rapidly below room temperature (Fig. 1). p/ values tend towards 
zero except for high frequency contribution which is an indication that is lowest. 

THE MAGNETIC STJSCEPTIBILITY 
The first order Zeeman terms is obtained by finding 

<i>i 1 Hm I where i, j = 0,1,1' 

when i = j Hm = J^o+ t 

o 

aoad when i Hm — Bq+ ~ fiHteMje {k — x, y) 

where HqW the unperturbed Hamiltonian and is the Bohr magneton . The second 
order Zeeman energy terms can be obtained from above by solving a secular 
determinant for ^i) in the usual way. 

The energy in powers of the field strength H is given by 

Wi = iriW>+ ir,‘»5+ 

where the first term is the unperturbed energy, the second and third terms are the 
first order and second order Zeeman energy terms respectively. Calculating the 
effect of the magnetic perturbation upto the second order we get the paramagnetic 
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gramionic susceptibility Kf (i = II or to the tetragonal axis) using the well known 

foi^nula of vanVleok. 

The mean gramionic susceptibility is given by 


where 


A = Ei—Eo and 


and 


... ( 4 ) 


A=: ^ 

3 2+6^7*'^ 


^ + 


E,-E^ 


E^—Ei 


,{hgi-h^y 

~ 4 - 


E^—Ei 


E^-Ei 


E,-E^ 


+ 


f^(¥) 1 


where 


A is the susceptibility from the high frequency contribution. The square of the 
effective magnetic moment can be calculated combining equation (2) and (4). 
The equation (4) reduces to Hutchison and Candelas’ (1967) expression if the three 
states sSq, <f>y are taken to be a single degenerate ground state Fs- The varia- 
tion of with T obtained theoretically iirom equation (4) using the values 
8 , 
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=4.00, £>2=1 and A = 200 cm“^ and A = 80x 10~® (p^ q, r, a are taken from the 
cubic wave functions; in fact both and D® deviate from the above values if the 
magnitude of the above parameters are obtained from tetragonal wave functions) 
are shown in Fig. 3. The theoritical curve (Fig. 3) has been drawn with A = 200 



120 160 200 240 280 320 
Temperature in 
Fig. 3 

^Theoretical curve. 

— . . . ^Experimental curve [room tomperaturo valuo of 

all the four salts reduced to the theoretical one]. 

cra“^ as the experimental curves showed a bend near the room temperature sug- 
gesting this value of A. The experimental curves are redrawn in Fig. 3 reducing 
the room temperature values of all the tliree salts to the theoretical one. Points 
©, Xy 0 and # given in Fig, 3 are corresponding to ammonium uranium fluoride, 
uranium fluoride, hydroxylamine uranium fluoride and hydrazine uranium fluoride. 
This procedure has been adopted because the temperature variation of is the 
same for all the three salts. The theoretical curve compares well with the tern- 
perature variation of p^^ for the three uranium salts (Fig. 3). 

There is some divergence in the values of the Cuire constant for the three salts. 
It is possible that the cubic field is slightly different in them. Accurate parameter 
fitting can be done for the three salts; but in the absence of any magnetic aniso- 
tropy data we have not attempted such rigorous parameter fitting which in any 
case is not very meaningful, since the theory based on point charge model is 
too simple to justify a rigorous quantitative correspondence of the experimental 
results with the theory. 

The optical absorption data of Satten, Young and Gruen (1960) refer to UC1« 
complexes which indicate that most of the excited levels lie betweenS 000 cm’'^ to 
29000 cm~^. In all 18 pure electronic transitions are observed in the photographic 
region; four electronic levels are in the region 8326 om*"^ to 6000 superimposed 
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with two vibronic levels. If we assign the first excited level as the most important 
level, the high frequency paramagnetism A is obtained to be 0.9 x 10“*, which 
is one seventh of the experimentally observed value (Table II). In order to get 
the observed magnitude of the experimental l%h frequency term A at least the 
first excited level should be at about 1000 cm~^. This difference is obviously due 
to the difference of coordination in chloride and fluorides as earlier indicated. 

CALCULATION OF g VALUES 

The values of g\\ and px (II refers to magnetip field along Z direction which is 
the tetragonal axis and J_ refer to the magnetic field along the xovy direction J_ 
to the tetragonal axis) in terms of the admixturil coefficients are given by 


fl'Il = 


4 

6 




The mean g value is very close to two. This compares well with resonance moan 
g observed at room temperature by Ghosh et al (1954) on powdered sample of 
VF^, g value arises from the doublet (^i, <f>^) states, therefore the intensity 
of the resonance line should drop with the lowering of temperature. Anisotropy 
is small and g\\ and shows anisotropy if higher order admixing by the mag- 
netic field is considered. 


CONCLUSION 

The most important feature of the present experimental result is that in 
UF4 complexes a nonmagnetic singlet is lowest and at about 200 cm*“^ a degenerate 
magnetic doublet contribute most of the susceptibility at high temperature. Such 
an energy spectrum evidently leads to a large temperature dependence of magnetic 
moment. The large high frequency paramegnetism arises from close lying levels 
between 1000 cm*“^ to 6000 om~^. The g value is nearly isotropic at room tempera- 
ture. The intensity of the resonance line is expected to diminish appreciably 
with the lowering of temperature. Up till now resonance measurements at low 
temperatures have not been reported. 
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ABSTRACT. The elastic (Is — Is) and inelasiiq (is — 2s, Is — 2r) scattering of oloctrona 
by atomic hydrogen have been investigated in ochkiir approximation and the overall agreo- 
mont with experiment obtained is bettor than the usunl first Born approximation. 

INTRODUCTION 

The scattering of electron by hydrogen atom becomes complicated due to 
(‘xchango and polarisation effects. The exchange effect is taken into account 
by properly antisyinmetrising the wave function of the S 5 ^ 8 tem of scattered electron 
and hydrogen atom. When the effect of exchange is small, the calculation is 
very easy in the B.O. approximation. But this yields, especially near threshold 
for excitation, spuriously large contribution to the total cross section on account 
of the lack of orthogonality between the initial and final states. To overcome 
this impasse, several modifications have been proposed. Thus, Bell and Moisei- 
witsch (1963) applied their first order exchange approximation to c-// scattering 
problem. Recently, OcUkur (1964) has made a modification in B-0 approxi- 
mation and have obtained satisfactory results in e-He excitation and in ioni- 
sation processes. In our work wo have applied the Ochkur api)roxi mation to the 
problems of elastic and inelastic (U’— 2^, 15~2 jP) scattering of electrons by hydrogen 
atom. 

THEORY 

The first Born approximation in scattering amplitude (in a.u.) for the process 
of elastic scattering has the form 

m = - A SI ( ^ - y 

where r, and r, are the co-ordinates of the scattered and bound electrons, and 
kf) and It are the momentum vectors of the incident and scattered electron res- 
pectively and I d I = I Ito-lt I = 2ko sin d/2, 0 being the scattering angle and 
is the ground state wave function of hydrogenatom. 

♦ On leavo from C. M. Ohllege, Darbhanga, Bihar University. , 
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Similarly, the corresponding B-0 approximation for the exchange scattering 
amplitude runs as 

According to the suggestion of Ochkur, only the leading terms in powers of 
1/jfco^ in g{0) are to be retained in order to obtain better agreement with 
experimental results, consistent with the first order perturbation theory. Thus 
neglecting all higher order terms we get 

= ft /x(^) 

Kq 

where f^(0) = - J/ ^ ) dr^ dr^ 

For excitation processes from ground state to ra-th state, we get 


m - i L - A) UrMndr, 

and 

where g = k^-kn 

and other symbols have their usual meanings. 

For elastic process, the differential cross section is given by 

= \f+9\^+l\f-9\^ 

and for excitation processes, 



4l/+?P+| \f-9\^ 


The total cross section Q = 2n f 1(6) sin 0 dO 

0 

For spinflip cross section in la — 2a case, in which exchange effect is fundamental, 
we have / (0) ^ | gr 1 2 ^j^jg process provides a direct measure of the success 

of Ochkur approximation. 


RESULTS AND DISCUSSIONS 

In Fig, 1, calculated values of total cross section for the elastic scattering of 
electron by hydrogen is plotted against energy of the electron. Here we notice 
appreciable differences between the results of first Bom approximation and 
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present calculations, particularly in the energy range of 13.6 ev to 60 ev, with 
further increase in energy our values tend towards those of first Born approxi- 
mation results. For comparison we have shown also the experimental finding 
at 10 ev, which agrees more closely with the results of our present calculation 
than with the first Born approximation results. 


% 

I 

.a, 

t 



ov 

Fig. 1. Total elastic (Is — la) cross section Q is plotted against energy. Curve B- 
present calculation; Curve A-Bom results; 0 -experimental point. 


In figs. 2 and 3 wo have plotted 15—25 total cross section and 15—25 spin change 
cross [section. In Fig. 2, the experimental points with error bars are from the 
measurements of Stebbings et aL (1960) and the full line curve is from the relative 
measurements of Lichten and Schulz (1969) fitted to the data of Stebbings et ah 
(1960). Fig. 2 shows that our results' are lower than the first Born approximation 
results, in somewhat better agreement with experiment. In Fig. 3, our resulte 



(ev) 

Fig. 2. Total inelastic ls-28 cross section. Q is plotted against energy. Curve 
A-Bom approximation; Curve B-present calculation; C -experimental points. 
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agree better witli (experimental results i^greenient than the close-coupling calcula- 
tions of Burke et al, (1963) from 13.6 ev to 36 ev. But in Fig. 2 and 3, there still 
remains a large discrepancy between experimental and theoretical results. In 
Fig. 4, where we have shown our calculated 18--2P cross section together with 



ev 

Fig.'^. Total excitation croaa aootion l«-2a (rtpin flip) is plotted against energy. 
Curve A-eal(?ulati<)ns of Biu'ke ot al. (1963); Curve B-present calculaiiona; Curve 
C-experi mental curve. 



-> ev 

Fig. 4. Total excitation cross section ls-2p is plotted against energy. Curve A. 

Born results; Curve B-presont calculation; Curve C-experimental curve. 

Bom approximation cross section and experimental results, we find that Ochkur 
approximation does not show appreciable deviation from Bom results in the energy 
range of 13.6 ev to 64.4 ov. At still higher energies, our cross section values 
converge towards the Bom results. 

In conclusion, we may say that in all the above processes of scattering, 
Ochkur approximation gives reasonable agreement with experiment. It is 
certainly better than Bom approximation so far as its agreement with experi- 
ment is concerned. But even then there is a marked discrepancy between 
experimental and theoretical results. The polarization effect may partially 
account for this discrepancy. 
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ABSTRACT. Tlio object of the is t > constmet a representation of the Dirac 

matrices adaptable to the free particle spinor. 

INTRODUCTION 

In order to obtain explicitly the solutions of the Dirac equation and to study 
their properties, it is the usual practice to start with suitable representation of the 
Dirac matrices, satisfying the anti-commutation relations. Conversely, one can 
ask the question whether one can build up a representation of the Dirac matrices 
adapted to the solution of the Dirac equation for a particular problem. The ob- 
ject of this short paper is to construct a representation of the matrices, in the 
spinor space of free particle. The construction of the matrices, in this way, is 
very instructive as it gives bettor insight to tiieir characteristic properties related 
to the splitting up and mixing of the positive and negative energy states, as wcU 
as those of the spin states. The process is also interesting as it shows clearly 
where is the liberty of the choice and how the elements are determined. Finally, 
it also exhibits the natui’al role of the Pauli matrices in the representation and their 
invariance properties, which have boon recently studied by the author (1965). 

In the next section, the representation of the matrices in the space of free 
particle spinor has been developed. In (he last section some of their properties, 
e.g. transposition operation, are discussed. 

We will need frequently the Pauli matrices which wo take as 


0, 1 


p 

1 


1. 0 


II 


II 


1. 0 


i, 0 


0 

1 


Tho very nature of the problem proposed will lead us to hermitian matrices. 
However, we do not loose any generality, as it is well-known that any non- 
hermitian representation may bo made equivalent to a hermitian one by suitable 
similarity transformation (Pauli (1936)). 


For any space vector q we will use tho notation <Hq to denote (a. ?)/ 1 J | ; so 
that = 1. ~ over a matrix denotes its hermitian conjugate. 
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REPRESENTATION OF THE MATRICES 


Let the free particle spinors be 17+(p) and U_{p) corresponding to the positive 
and negative energies respectively. Hence 



3+/?«m!}Z7+(p) = -Po^+(P) "I 
{(a. p)+fiinc}U4p) = PoU4p), J 

... (1) 

where p^ = 

by 

= -f{(a. p)+/3mcY'^. Let us introduoe the matrices a+ and a_ 

defined 


J > 

a+ = — - {(a. p)+fimc} 

Po 

... (2) 

and 

1 — ^ 

a_=- {m^p—ft\p\)-, 

ra 

... (3) 

such that 

a+2 = 1, aJ = 1 

... (4) 

and 

«+«_+«-«+ = 0. 

... (6) 


Let j and k be two mutually orthogonal unit vectors in the plane perpendicular 
to p, i.e. 



(p. «•) - 0 


and (j. k) = 0. 


( 6 ) 


It is clear that j, k are arbitrary up to a rotation in their piano. 

Since is an involution and traceless one, it has two distinct pairs of eigen- 
vectors with eigen-values 1-1, —1. Let r/+^ and bo two mutually orthogonal 
eigen-vectors of a^. with eigen- values + 1 and similarly UJ^ and r7_* be those with 
eigen- values — 1. These four vectors are mutually orthogonal and form the basis 
of our representation. Clearly in this basis is a diagonal matrix with 
elements (+1, +1. —li — !)• 

The matrices which commute with <x+ leave the subspaecs of positive and 
negative energy states invariant. We can take any of the matrices which anti- 
commutes with to connect the positive energy states with those of negative 
energy and vice versa. In order that the representation is symmetric, with res- 
pect to positive and negative energy states, we take a_ as the matrix which just 
connects positive and negative energy states (without changing spin states) and 
conversely, aa it is an involution. So that, 




and 


(«= 1 . 2 ) 


( 7 ) 
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Thus a+ and a_ are given by 


e, 0 


0, e 


and = 


0, — e 


e, 0 


•• ( 8 ) 


where c is the 2x2 unit matrix. 

Next let us consider the operator which interchanges only the spin states with 
same energy. The matrix S, for such an operator, is 


S== 


0-1, 

0 , 


0 

O'! 


... (9) 


where cr^ is the Pauli matrix given above. It clearly commutes with and 
The most general matrix which commutes with both and a_ is a linear combina- 
tion of 


OCjOLki OL^ajXlc, OL^CCjXj. 

Again for symmetry, let us take S to be proportional to (Xk so that 

S = tajOCfc. 

In order to find ajt separately we note that 
a^oCjU^^ and 

Thus the matrix aj is of the form 




0, <r 
cr, 0 


( 10 ) 


... ( 11 ) 


where o* is any 2x2 matrix. It is easy to see that (X should satisfy the following 
conditions 


and 


O' or = e, cr+cr == 0 

croTi+o-i a = 0, 


} 


such that — 1, and «/ anti-commutes with a_ and «+. Hence 

<r = i(cos d (Ta+sin 6 > tr,), 

where $ is any real parameter. Hence from Eq. (10), it follows that 


10 

with 


a* = 


0 , </ 

r', 0 


<r' 


i(sin 6 (Tj— 008 $ er,) 

^<r'-\-<r'ir =» 0. 


} 


... ( 12 ) 


... (13) 


(14) 


so that 


# • • 


(16) 
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As mentioned above j and k are indeterminate but for a rotation in the (j — k) 
plane, thus we can choose 0, in Eqs. (13) and (16), to bo zero so that 


0, O-g 

p 

1 

-cr, 




1 

o 

^8j 

0 


aj — % ; a* = t 

—<TZ 0 (Tg, 0 . 

Finally the fifth mutually anti-commuting matrix 

0, — <ri 

ot+ajXjCtjc — — *a+aJS = i 

(Tj, 0 . 

which is a matrix with only non-vanishing anti^diagonal elements. 

DISCUSSIOlf 8 


-ia.aJS = i 


The construction of the matrices shows hoW the Pauli matrices enter in the 
expression of the Dirac matrices in an obvious manner. The typical block 
character of all the four a_, a;, a*, a+a.ajajfc is evident from their anti-commuting 
properties with a+, which is diagonal. All these four matrices connect positive 
energy states to the negative energy and vice versa. It is interesting to note that 

CTl, 0 ffg, 0 

idjXjc ~ , ia+ajxj = 

0, tTi 0 o-g 

CTg, 0 

and — ta+a_afc = . ... (18) 

0, o-g 

They are isomorphic to the Pauli matrices. It may be pointed out that these are 
also the only three linearly independent matrices which commute with and a_. 
Thus our choice of S = iaya*, in Eq. (10), is nothing but a choice of a particular 
representation of Pauli matrices. Any other choice would amount to a 3-dimen- 
sional real orthogonal rotation among these three matrices. 

The representation cxmstructed here is slightly different from those usually 
referred (Dirac (1928), Kronig (1938)). In this representation, Xp, fi (obtained 
from a+ and a_) and Xj are real; aj and Xp^XjXt are purely imaginary. Thus 
xjc and XpfixjXje are anti-symmetric and Xp, fi, and X} are symmetric. The matrix 
B (Pauli (1936), which induces the transposition, is x^.x_Xj. This representation 
is one of the second category of representation as noted by the author (1965). 
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ABSTRACT. Tho application of relaxation leohniquo in the uominal-T method of 
solution of traitsmiasion lino problem is discussed with an illustration. Tho principle under- 
lying the relaxatioiial solution of a,c. nelworks having comi^lox circuit constants (i.e., oonsi- 
doring tho roaotuncos along with tho ro^^islancos in diffeiunt branches js utilised and tho rosults 
thus obtained are compared with those calculated by normal method of solution. It also 
discuHS(3.s about the applica-tion of the metlcHl to tho solution of long transmission lines wlion^ 
tho oquivalent-T method is used instead of the nominal-T method nomially used for medium 
linos. 

T N T 11 O D U C T T O N 

Tho performance calculations of three phase transmission lines under different 
given conditions at the receiving end and sending end are quite familiar in Elec- 
trical Engineering. Of tho different methods available for such calculations, 
tho nominal-T method is one. In the nominal-T method tho lino capacitance is 
assumed to be localised at the mid-point of the line as shovTi in Fig. 1 . Depending 



0 D D 

Fig. 1 

Diagram for nominal T-method. 


♦Present address ! Rosoarch and Developir ont Department, Northern Eleotrio Co., Ottawa, 
Canada. 
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on tho available informations regarding the sending end and receiving end condi- 
tions, three distinct cases can be considered separately, viz., 

(i) when receiving end voltage and load are known, 

(ii) when sending end voltage and receiving end impedance are known, and 

(iii) when sending end voltage and receiving end load are known. 

When the receiving end terminals of the !Z’-netwofk, shown in Fig. 1 , arc terminated 
by the load-impedance, the same network can' be rcprt^senled in a convenient 
form as shown in Fig. 2a. The network thus foiincd is solved here with the help 
of relaxation method, and it is shown that such a relaxaiional solution yields a 
number of useful informations simultaiuiously. 



Equivalent impodarice network diagram Equivalent ndmittanee network diagram 

nominal T-method, for nominal T-mothod. 

In using the technique of relaxation to the solution of a.c. networks, additional 
complications (in comparison with d.c. networks) arisc^ due to tho complex nature of 
ihc branch-impedances, which include resistances as well as reactances. Southwell 
and Black (1938) have applied relaxation method to the solution of an a.c. network 
having complex circuit constants. The principle underlying such a solution reveals 
tho usefulness of tJio application of relaxation technique for solving the network 
shown in Fig. 2a, i.e., for the performance calculations of transmission lines. 

P R I N C I P 1. E O F THE M E T JI O D 

In Kg. 2b, Ybc, ••• etc. arc equal to the reciprocals of the impedances 

^BCt ••• etc. respectively, and tlie voltage betvt'een A and D stands for the 
sending end voltage measured between phase and neutral. Now writing the ad- 
mittance of any branch, say BC, as— 

Ybc — SBC-i-j^BC ( 1 ) 

and assuming the potentials at the points B and C to be 

UjB = 

and vc = 
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the current flowing from BtoC through the branch BC may be represented by 
Ibc= Ybc{vb—vc) 

— \3Bc{Va^B)—Vg^C)}—hBc{Vy^B)—'^V{C))] 

Lot — L I bc lBt-{i.iBn-\-ji»iBn} be the total current flowing into B from all 

B 

the branches attached to it, so that, 

— 4 (B)i == S[flrBc{v*(S)— w*(C)}— *^»(C)}] 
and ^ 

JB 



11 Jbx — KiB)z+jiviB)t stands for the current supplied to B from outside, then by 
Kirohoff’s law— 


and 


»»(B) = »e(B)l+*«(B)8 = 0 


iylB) = = 0 


} 


... ( 4 ) 


Supposing that the vector potential of D is unity and those of the points A, B,C 
to be zero, the currents passing from D along the branches DB and DC will bo 
given by 


and 


loB = Ybd = gsD+jbsD 
I DC = Y CD = fl'CB+jfic'D 


} 


... ( 5 ) 


and no current will flow in any other branch of the circuit. In order that the as- 
sumed potential may be correct a current = Idb+Idc — ix(.D)i,+3iyiDn 

will have to be supplied to D from outside. Under such a condition the currents 
Ibb and / BC will leave the network at B and C respectively. But in fact no current 
passes to or leaves the network at B and G. Therefore it is required to superpose 
on the assumed potentials those which would result if currents Ibz{= Idb) and 
Icz( — Idc) were supplied at B and C and allowed to leave the network at D and A 
the latter points being held at zero potential. 

It is thus obtained initially 

»«lB) == ♦e(B)» = 9bD ; »«i{C) = t«(C)8 = OCD 
iyiBt — iy(B)2 = ^BD ; *ylO> — *y(C)a — ^CD I 
== »e(D)B = —iSBD+gCD) » 

VO) = VO)8 = — (6bd4-6co); 
and V.^> = Vwi) = 0. 
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For liquidating these initial values (viz, iyiBh ix{C)y a-nd ip(C)) by 

imposing suitable vector potentials at B and C only, a table of standard opera- 
tions can be prepared by the use of the following ; 

p!!£L ; 

- = 6bc = ; 

ikiL= AhJSL= _s (gse) ; 

OVy^S) B 

which are easily obtained from relations (3). 

On liquidation of the residuals (i.e., the initial values of iy{B )9 ^xiC) nnd 
iyio) the vector values of the currents at A and 2), and also of the potentials at 
B and O will be obtained These values will naturally correspond to the case 
when unit potential difference is applied between the terminals D and A. 

The procedure involved in and the information available from such a method 
of solution will bo apparent from the illustration given below : 

ILL'USTBATION 

For illustrating the method the following example which is worked out by 
Starr (1963), is considered. 

Example. A three-phase transmission line 100 miles long has the following 
constants : 

Resistance per mile = 0.26fi; Reactance per mile = 0.8Q; Susceptance per 
mile == 14 X 10“® mho; Receiving end voltage = 66kv. It is required to determine 
(using nominal-T method), 

(i) the sending end voltage and (ii) the sending end current when the line 
is delivering 15000 kw at 0,8 power factor lagging. The vector admittances of 
the different branches of the network (Fig. 2b), as calculated for the problem 
under consideration, are : 

Tab == 10-8(7.1 -j22.79), 

Tbc = 10-8(7.1 ~j22.79), 

Yen = 10-8(3.446-j2.68), 

Tbo = 10-8(0+jl.4), 
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First of all it may be assumed for convenience that the potential at i) is 1 kv (one 
kilovolt), and tlie potentials A, B, and C are all zero. Then the currents in the 
branches DC and DB will bo 

= 3.446-j2.68, 

and Idb ~ 0-t--^/1.4. 

Therefore, the current — /z >2 to bo fed from outside will be given by : 

= 3.446-jl.l8. 

Thus it is obtained initially, 

^ 5 ^x{C) = 3.446; = —3.446; 

^y{B) ^ 1*4; ^‘y(C) ^ 2.58; ^y{D) ^ 1.18; 

and — - 0. 

Using the relations ((>) and keeping in mind tliat all the 'g' and ‘6’ values 
mentioned there are to bo rnultijdied by 10^ (since hen^ one kilo volt is considered 
in place of one volt mentioned previously) the unit operation table (Table I) is 
readily obtained for liquidating the initial values. 


TABLE T 

Unit operation table 




5%(B) 

5 ^xkC) 

^ix{D) 



^hnC) 



7.1 

-14.2 

7.1 

0 

-22.7') 

44.18 

-22.79 

1 .4 


0 

7.1 

-10.546 

3.446 

0 


26.37 

-2.58 

MB)=1 

22.79 

-44.18 

22 . 79 

-1.4 

7.1 

-14.2 

7. 1 

0 

t>„(0)=l 

0 

22.79 

-25.37 

2.68 

0 

7.1 

-10.546 

3. 446 


With the help of the procedure suggested previously by Basu (1958), the 
final operation table (Table II) is prepared which enables complete liquidation of 
the initial values in throe steps only. It may, however, be mentioned that this 
procedure is not an essential one for the method under consideration. Th(i 
relaxation table is then worked out as shown in Table III. 

Thus when vpA (i e., sending end voltage) is 1 kv, 

(i) the receiving end voltage, 

vuc = VD-vc = (0.788-j0.143)Xl03 volts = 0.8/^-10°18'kv. 

and 

(ii) the sending end current, 

2.458-^1.26 

= 2.821/^-26*^67' amps. 
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TABLE II 
Final operation table 


6%(B) 

SVxiCi 

Svmn) 

8«V,C) 



SixiCy 




Biy(cy 

SiyiD} 

.1 

.2 

0 

0 

.71 

0 

-1.4^ 

.689 

-2.279 

-.14 

2.796 

-.376 

-.188 

-.377 

.1 

.194 

.941 

0 

0 

-.938 

6.004 

.22 

-6.6 

1.376 

.276 

.227 

-.114 

-.11 

-.641 

0 

0 

.636 

-7.06B 

7.089 

0 

-.62 


TABLE III 

Relaxation ta%le 



^Vx^C) 


8%C) 

^X(A) 





^(C) 


Initial values 

0 

0 

3.444 

-3.446 0 

1.4 

-2.68 

J .18 

.246 

.492 

0 

0 

1,747 

0 

0 

-1.751 -5.606 

1.055 

4.296 

.266 

-.122 

-.245 

.065 

.126 

2.359 

0 

0 

-2.361 -2.353 

1.198 

0 

1.149 

-.043 

-.0.35 

.018 

.017 

1 

2.458 

0 

0 

-2.46 -1.257 

0 

0 

1.242 

.081 

.212 

.083 

.14.3 1 

2.458 

0 

0 

-2.46 -1.257 

0 

0 

1.242 


Therefore for a receiving end voltage of 66/\/3 (between phase and neutral) the 
following quantities will be obtained, 

Sending end current , I a = 134,4 amps. [132.2 amps]; 

Sending end voltage, r= 82.5kv[82.3kv]; 
and the sending end power factor == cos 26^57' lagging [cos 26°58']. 

The corresponding values of I a, Vad and the power factor as obtained by 
normal method of calculation (Starr, 1963) are given side by side within the 
brackets [ ], and it appears that they agree fairly well with each other. 

DISCUSSION 

The utility of the method described in this paper is appreciated when one consi- 
ders that a relaxational solution as explained, readily yields a number of informa- 
tions at a time viz., (i) vector currents at the sending and receiving ends, (ii) phase 
angle between the sending end and receiving end voltages together with the ratio 
between the two voltages, the ratio being constant for a given load-impedance, 
etc. Moreover the fact that the number of initial values to be liquidated in such 
problems will never exceed four, always brings forth a limitation in the labour 
associated with the process of liquidation. It may, however, be borne in mind that 
this method always requires a prior knowledge of the load admittance or the load 
impedance (which may be given directly or may be obtained from the given 
data). But as a rule the value of the receiving end impedance is not known 
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unless the load, its power factor and the receiving end voltage are known. 
Under such conditions Case (ii), as mentioned earlier in the introduction, 
becomes identical with Case (i). 

So far as the application of relaxation technique is concerned, the solution of 
long transmission lines by equivalent-T method is in no way different from the 
nominal-7' method of solution of medium transmission lines. In the former case 
the branch impedances (i.e., Zab, Zbc, and Z^jy of Fig. 1) only will have some 
changed values which can be calculated by using proper expressions given in 
standard text books. 
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ABSTRACT. The linear expansion factof a for the fractions of difforont tyjies of macro- 
molocules in a nuiftber of solvents at different temperatures have boon determined using Stock- 
mayor — Fixman’s and in some cases Kurata’s relationsliip. The validity of (1) Flory, (2) 
Kurata ©t al and (3) Ptitsyn theories have been tested in terms i)f the dependence of tlie func- 
tion a on molecular weight. From available research data it lias been found that Flory’s 
theory is of limited applicability, while Kurata and Ptitsyn theories are in good agi*oemeut. 
The same data have boon utilised to test Palit’s theory which predicts linear dependence of 
100 Po[r 7 ]+ln M on with a slope of the order of 10~2. Palit's equation has been found 
to be in very good agreement in practically all oases. 

INTRODUCTION 

Flory (1948, 1949, 1961) treated the interaction of chain segments with their 
environment as a mixing problem and was led to the following equation 

as-a® = 2fiCM{l-0IT)Mi (1) 

where a is the linear expansion factor, defined as the ratio of the root-mean-squarc 
values of perturbed and unperturbed radii of gyration, is an entropy of dilution 
factor, 0 represents the temperature at which the second virial coefficient vanishes 
for the solvent-polymer pair, and 

Cm == (27/2.5/2.7r3/*i^)(iiVFi){Jlf/f„2)®/* 

where N is Avogadro’s number and » and Fj are the partial specific volume of the 
polymer and molar volume of the solvent respectively. In this theory the macro- 
molecule is considered to be equivalent to a cluster of unconnected segments for 
which there is a spherically sjonmetrical Gaussian distribution around the centre 
of mass. 

Kurata, Stockmayer and Roig (1960) proposed a new theory of excluded 
volume effect assuming an equivalent ellipsoid model, in which the polymer chain 
with fixed ends is replaced by a uniform distribution of unconnected segments 
within an ellipsoid whose dimensions are chosen to give the correct principal 
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radii of gyration of the chain and derived the following relationship for a 
Gaussian chain 

= l/(l + l/3a2)3/2 . (4/3)®/^^(3/27r)/?/a» (2) 

where a is the effective bond length, the binary cluster integral, and N is the 
number of segments in the polymer chain. 

Taking into account segment-segment interaction and on consideration of a 
non-Gaussian distribution function for a, Ptitsyn (1062) derived the following 
equation 

[(4.68a2--3.68)3/2-.l] ... (3) 

The validity of eqs. (1), (2) and (3) is tested in this paper in terms of available 
literature values of a calculated for solutions of well defined fractions of a number 
of pol 3 mier 8 in different solvents of varying solvent power at different temperatures. 

Based on Eyring’s Rato Theory and the ‘hole’ theory of liquids, Palit (1955, 
1963) derived the following equation correlating intrinsic viscosity, [rj] and mole- 
cular weight of polymers. 

lOOyOoL^] = M+K^ ... (4) 

whore is the density of the polymer at infinite dilution and iTj = 1 
^ order of 10“^ and are constants. We have used Po = 1 as a rough approxi- 
mation. 

The same literature data have been utilised to test equation (4). 
DETERMINATION OFa 

The linear expansion factor a, is obtained by cither of the following three 
procedures : 

Procedure (1) depends on the Flory-Fox (1961) relationship 

= KM^cx? ... (5) 

[l-j = a» (6) 

Me 

where Mg is the intrinsic viscosity in solvent. Eq. (6) is directly used iSMg values 

are known. 

Procedure. (2) where data on [^J, are not available a is calculated by a modi- 
fied relationship proposed by Kurata et al (1963) : 

[^]2/8/jifi/8 ^ Z*/34-0.363£^„g(a,)(Jf*/8/[iy]»/8) ... (7) 

where — 2.87 X 10*^ and B = in which represents the binary cluster 
integral and mg is the molar weight of a polymer segment, and 

g(a,) = 8a,*(3a,«-f !)-»/* 
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A rough value of is obtained from oq. (7) graphically after assuming ^(a,) 
to be unity. Using this value of K, values of a,, for all the fractions are obtained 
from eq. (5). With the help of these values of a, and consequently of g(a,i) a more 
accurate value of is obtained by a second graphical intercept method. 

Procedure (3) involves a more direct evaluation of K as suggested by Stock- 
mayer and Fixman (1963). Their equation reads 

[ 71 ] = ... ( 8 ) 

in which B is the pol 3 nner-solvent interactiop parameter. Because of the simplicity 
of eq. (8), K values were obtained in molt cases from the ordinate intercept of 
[7i]IM* vs. M* graphs. Unless otherwise indicated procedure (3) has been utilised 
for evaluation of K. 

EXPERIMENTAL RESULTS AND DISCUSSION 
A. ADDITION POLYMERS 

1. Poly-p-OMoro Styrene. Our method of treatment of the experimental 
(lata is illustrated here in this case, in some details. The and fj/] values 
(Table I) of Kuwahara et al (1965) at 30°C are utilised to calculate K and a values 
of Table II. 

TABLE I 

Results for PoIy-p-Chloro Styrene fractions 


Fraction 

M„ X 10-4 

Chlorobenzene 

M.E.K. 

Toluno 

1 

268 

3.18 

2.40 

2.06 

2 

107 • 

1.53 

1.22 

1.07 

3 

59.0 

0.888 

0.76 

0.676 

4 

46.9 

0.766 

0.623 

0.550 

5 

28.4 

0.486 

— 

0.406 

6 

17.0 

0.327 

0.296 

0.274 


TABLE IT 
Values of K and a 


a Kxios 

Solvent Temp. (Procedure 



^C 

1 

2 

Fraction 

3 4 

5 

6 

2) 

Chlorobenzene 


1.671 

1.435 

1.322 

1.302 

1.222 

1.166 


M.E.K 

30 

1.431 

1.330 

1.255 

1.221 

— 

1.128 

50 

Toluene 


1.360 

1.274 

1.207 

1.170 

1.148 

1.100 
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The values of a are found to increase with increase of M and solvent power 
in all the solvent-polymer pairs studied, indicating increased expansion of the 
molecule. 



GRAPHICAL TEST OF THE FOUR EQUATIONS 

Analysis of Flory Relation: According to €^q. (1) plots of a®— a® ag. Jlflf 
are expected to give straight lines passing through the origin. Graphs of a®— a® vs. 

in all the solvents show a good linear monotonic increase but they do not pass 
through the origin. Abscissa intercepts correspond to about 99000, 67000 and 
60000 Ms with chlorobenzene (Fig. 1), toluene (Fig. 2) and M.E.K. (Fig. 3) as res- 
pective solvents. This is in contradiction to Flory ’s eq. (1) according to which 
a should approach unity as the M approaches zero. Again from eq. (1) one can 
expect that a®— a®/ AT* values should bo invariant with M; evidently they increaso 
with M, So, Flory’s equation is inadequate for these systems. 

Analysis of Kurata et aVs relation: Plots of (a^—a) (l + l/3a®)®^® vs. JIf* 
(eq. 2) are fairly good linear in case of chlorobenzene, poorly linear in case of toluene 
and very poorly linear in case of M.E.K. and pass through the origin in case of 
M.E.K. and toluene. In case of chlorobenzene, however, a small abscissa inter- 
cept corresponding to 25()0M is obtained by the least square method. It is 
apparent that the data fit better in the K-S-R. equation. 

Analysis of Ptitsyn^s Relation : According to eq. (3) plots of [(4.68a®— 3.68)®'^® 
— 1] ag. are expected to give straight lines passing through the origin. Such 
graphs although very good linear^ in case of cWorobenzene, fairly goocj linear in 
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ease of toluene and good linear in case of M.E.K., do not pass tlirouglx the origin 
but give abscissa intercepts, as obtained by the least square method, correspond- 
ing to about 28000, 13000 and 10000 Ms in chlorobenzene, toluene and M.E.K.. as 
respective solvents. This indicates that like Flory ’s eq., Pittsyn eq. has also got 
limited applicability in this case but in a sense it is better as its range of 
applicability is greater. 

Analysis of Palit's Relation : According to eq. (4) plots of 100po[i/]+In M 
ag. il/®''® are expected to give straight lines* Good linear plots are obtained with 
chlorobenzene and very good liner plots aie obtained with toluene and M.E.K. 
with 1.79x10“®, 1.10x10“® and 1.97x10“!* as corresponding slopes. 



Fig. 3. Poly-p-Chlorostyoue in M.E.K, at Fig. 4. Poly-p-MotliylHtyouo in Toluene 
30X\ at 30T. 


2, Poly-p-M ethyl Styrene: The and [?/] data of Kuwahara etaL (19G5) 
at 30°C are utilised, K is evaluated by procedure 2. The Flory eq. gives fairly 
good, good and poorly linear plots in case of toluene (Fig. 4), cyclohexant^ (Fig*5) 
and M.E.K. (Fig. 6) as respective solvents but it has got an abscissa intercept of 
about 9000, 63000 and 53000 Ms respectively with these three solvents. The 
K-S-R oq gives poor linear plot in the case of toluene as solvent while good linear 
plots are obtained in the case of the other two solvents. In case of poorer solvents 
such as cyclohexane and M.E.K. it passes through the origin whereas, with a better 
solvent such as toluene a small ordinate intercept is obtained. The Ptitsyn eqn. 
gives fairly good linearity in toluene and good linear plots in cyclohexane and 
mi MtE,K, as solvents and passes through the origin in case of toluene whereas 
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in cyclohexane and M.E.K. it has an abscissa intercept of about 9000 and 14000 Ms 
respectively. Palit’s plot is excellently linear in all these cases with respective 
slopes of 2.9 X 10-*, 2 X 10-* and 1.36 x lO"*. 



Cyclohexane at 30°C. at 30®C. 


3. Poly-m-Methyl Styrene : Source of data is an unpublished work done by 

Choudhury et al (1967) in this laboratory. K is evaluated by procedure 2. 
At Flory plot gives good, fairly good and poor linear plots with 

benzene (Fig. 7), cyclohexane (Fig. 8) and ethyl acetate (Fig. 9) as resi)ectivo 
solvents but it has got an abscissa intercept corresponding to about 12000, 6000 
and 8100 Ms. The K-S-R eq. gives poor linear plots in case of benzene and ethyl 
acetate whereas in case of cyclohexane it is out of linearity but all of them pass 
through the origin. Ptitsyn eq. gives poor linear plots in case of benzene and ethyl 
acetate whereas in case of cyclohexane as solvent fairly good linearity is obtained. 
However, all of them pass through the origin. At 40® and 50®C also K-S-R- 
and Ptitsyn theories arc more or less satisfactory. Palit eq. gives good linearity 
in case of benzene and cyclohexane as solvents and in ethyl acetate also the 

linearity is fairly good with respective slopes of 2.76 Xl0~®, 1.83x10“'* and 
1.36x10-2. 

4. Poly-cx-Methyl Styrene (Fig, 10) : The and [rj] data of McCormick 
(1959) in toluene at 25®C are utilised. The Floiy plot is too widely scattered to 
give any linearity. The K--S--R and Ptitysn eqs. pass through the origin though 
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they give fairly good linear and poorly linear plots respectively. Palit’s eq. gives 
very good linear plot with a slope of 1.88x10“®. 
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5. Polystyrene ; Fujita et al (1963) took eleven polystyrene fractions in 
toluene, in M.E.K. and in cyclohexane at 34.6°C. a is evaluated by procedure 1, 
With M.E.K. (Fig. 11) as solvent, poorly linear Flory plot is obtained with an 
abscissa intercept of about 40,000 M. The K-S-R and Ptitsyn plots are too 
much scattered to give any linearity. The least square straight lines have 
abscissa intercepts at about 12100 and 25600 Ms respectively. Excellent linear 
Palit plot is obtained with a slope of 1.46 xl0~®. 



With toluene (Fig. 12) as solvent very poorly linear Flory plot is obtained with 
an abscissa intercept at about 44100 M. Good linear K-S-R plot is obtained with 
an abscissa intercept at 4220 M. Excellent linear plot is obtained in case of 
Ptitsyn cq., but it has an abscissa intercept at about 12100 M. Good linear Palit 
plot is obtained with a slope of 2.56 X 10“*. 

When the data of Rossi et al (1985) in M.E.K. (Fig. 13) are utilised the Flory 
and Ptitsyn plots arc found to be not linear at all. The least square straight 
lines give abscissa intercepts corresponding to about 1600 and 6400 Ms. Very 
poor linearity is observed in case of K-S-R eq., but the least square straight line 
passes through the origin. Fairly good linear Palit plot is obtained with a slope 
of 1.47x10-*. 

6. Polymethyl Methacrylate : The Mw> \y]g and [y jdata of Chinai et al 
(1956) at 25°C are utilised. With toluene as solvent, the Flory plot is too much 
scattered to give any linearity (Fig. 14) and the least square straight line gives 
a small ordinate intercept while with M.E.K. fairly good linearity is obtained 
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(Fig. 16) with an abscissa intercept of about 96000 M. The K-S-R plot givse 
poor linearity with M.E.K. and passes through the origin while in case of toluene 


Fig. 13. Polystyrene in at 34.5°C (Ref. 13). 


2/3 -2 ^ _ 

M 10 [jFOR 4 



Fig. 14. Folymethyl Metliaorylftt® in 
Toluene at 26*’C< 


Fig. 16, Folymethyl Methacrylate in 
M.E.K.., at 26‘’C. 


f w 
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the plot is out of linearity and the least square straight line gives a large ordinate 
intercept. Ptitsyn plot passes through the origin though poor linearity is 
obtained in both the solvents. Palit’s plot is fairly good linear with toluene and 
very good linear with M.E.K. with slopes of 1.94x10"® and 1.62x10"® 
respoctivtjly, 

7. PolydhyUMeihacrylate (Fig. 16) : The Mw, [v\ Ohinai 

et (iL (1956) in M.E.K. at 23‘'0 are utilised. Poor linearity is obtained in case of 
Flory cq. while? in case of K-S-R and Ptitsyn plots fairly good linearity is 
obtained and the linearity in case of Palit’s plot is good with a slope of 
1 .86 X 10 The K-S-R and Ptitsyn plots pass through the origin while Flory plot 

is found to give an abscissa intercept at about 68000 M. 



Fig. 16. Polyothyl Mtithacrylat© in M.E.K. Fig 17. Polyvinyl Oarbazolo in Benzene 
at 23°C. at 25®C. 


8. Polyvinyl Garhazole (Fig. 17) : The Mls and [rf] data of Uoberreiter 
et al (1903) in benzene at 26°C are utilised. Very poor linearity is obtained in 
case of Flory plot and it gives an ordinate intercept. The K-S-R and Ptitsyn 
plots are poorly linear but they pass through the origin. Good linearity is 
obtained in case of Palit plot up to 2.07 X 10® M after which it exhibits curvature 
and it has a least square slope of 1.26 X 10"®. 

9. Polyvinyl Acetate (Fig. 18) : The Mis and [j/] data of Varadaiah (196C) 
in benzene are utilised. In case of all the first throe eqs. the plots are too much 
scattered to give any linearity. Ordinate intercepts are obtained by least square 
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method. EWdently none of the throe equations is valid. Data may not be very 
reliable. However, the Palit plot is fairly satisfactory with a slope of 2. 1 3 X 10~*. 

10. Polyacrylonitrile : The data of Bisschops (1966) are utilised. When 
fi/] and values are utilised, the Plory eq. in D.M.P. at 25°C (Fig. 19) is found 



to give good linearity with an abscissa intercept at about 15200 M. At f)5°C 
upward curvature is noted.. Very poor linearity is obtained in case of 
K-S-B eq., but it passes through the origin at all temperatures. The Ptitsyn 
plot at 25‘’C is cxcollently linear but it gives an abscissa intercept corresponding 
to about 6600 M. Fairly good linearity is obtained in case of Palit ’s eq. with a 
slope of 11.38 X 10~®. 

When [»/] and Mw values of the same fractions are utilised the K-S-R 
plot is linear passing through the origin, while the Flory and Ptitsyn plots— 
though linear have got abscissa intercepts at about 16000 and 1200 Ms. 

11. Poly-N-N-Dimethyl Acrylamide : The Mls and {tf] data of Trossarelli 
et al (1962) are utilised. In methanol at 25°C (Fig. 20), the Flory plot is poorly 
linear with an abscissa intercept at about 6000 M. The K-S-R and Pititsyn 
plots are poorly linear but they pass through the origin. Palit plot is good linear 
■with a slope of 2.06 xl0~*. 

In water at 26°C (Fig. 21), fairly good linearity is obtained in case of Flory 
plot with an abscissa intercept at about 24000 and 8100 Ms at 25° and 40°C res- 
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pectively. Good linearity is obtained in case of K-S-R- plot and it passes through 
the origin. Fairly good linearity is obtained in case of Ptitsyn plot and it passes 
through the origin. Palit’s plot is fairly good linear with a slope of 1.93 x 10“®. 



in Mothanol at 25®C, Water at 25®0. 


12. Polyacrylamide (Fig. 22) ; The Mend group [rj] data of Collinson 
et al (1967) in water at 25°C are utilised. Fairly good linearity is obtained in 
case of Flory, K-S-R and Ptitsyn plots with abscissa intercepts at about 6300, 
900 and 4600Ms respectively. Very good linear Palit plot is obtained with a 
slope of 6.75x10-2. 

13. Gis-T actio Polybutadiene (Fig. 23) ; The and [tj] data of Danusso 
(1961) in toluene at 30°C are utilised. Fairly good linearity is obtained in all 
the first three cases. The K-S-R plot passes through the origin, while the Flory 
and Ptitsyn plots have abscissa intercepts at about 4600 and 600Ms respectively. 
Good linearity is obtained in case of Palit plot with a slope of 6.51 X 10-2. 

14. Polyvinyl Chloride (Fig. 24) : The and [^] data of Ciampa et al 
(1956) in cyclohexanone at 26°C are utilised. Fairly good linearity is obtained 
in Flory plot with an abscissa intercept at about 8700 M, Poor linearity passing 
through the origin is obtained in K-S-R plot. Very poor linearity is obtained 
in Ptitsyn plot with an abscissa intercept at about 3000 M. Poor linearity with 
a slope of 9.05x10-2 is obtained in case qf Palit plot. Data may not be 
very reliable^ 
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M^^IO* 43 Co 43*^* C*'04 43 



Fig. 24. Polyvinyl Chloride in Cyoloho»»none Fig. 26. N»-Carboxy Methyl Cellulose in 
at 26®C. aqueous solution at JE=0.1Jlf at 26°C. 

B. SEMISYNTHETICS FROM CELLULOSE 


1. Na-Oarhoxy Methyl Oelltdose (Fig. 26): The and [^] data of Sita- 
ramaiah et al (1962) in aqueous solution at Ig — O.IM at 26°0 are utilised. 
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Linearity is poor in case of Flory plot while in case of K-S-R- and Pitsyn plots 
the linearity is very poor. The Flory plot has an abscissa intercept at about 
29 D.P. while K-S-R- and Ptitsyn plots pass through the origin. Palit plot is 
poor but is least poor, in comparison to the rest, having slope of 9.75 X 



2. Amijlose-Acetate : The Mw and [ij] data of Patel et al (1966) in chloroform 
and nitromethane at 25"C are utilised. K is evaluated by procedure 2. In Chloro- 
form (Fig. 20) fairly good linear Flory idot is obtained with an abscissa intercept 
at about 133200 M. Good linear K-S-R- plot is obtained and it passes through 
the origin. Excellent linear X)lot is obtained in case of Ptitsyn eq. and it has an 
abscissa intercept at about 16900 M. Fairly good linear Palit plot is obtained with 
a slope of 6.8 x 10“^. 

With nitromethane (Fig. 27), as solvent good linear Flory and Ptitsyn plots 
are obtained with abscissa intercepts at about 84100 and 18900 Ms respectively. 
Fairly good linear K-S-R plot is obtained and it passes through the origin. Ex- 
cellent linear plot is obtained in case of Palit eq. with a slope of 3.87 X 10~^. 

C. CONDENSATION POLYMERS 

Polydimethyl Siloxane (Fig. 28) : The J^vand[^] data of Flory et al (1962) 
in M.E.K. at 30^0 are utilised. The first three plots are too much scattered to 
give any linearity— the hand drawn curves appear to meet at a common point 
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on the abscissa corresponding to about 32400M. The least square straight lines 
give ordinate intercepts. Pabt plot is slightly curved. 

D. POLYETHER 

Polyethylene Oxide (Fig. 29) : The [ylg and [ 7 ] data of Rossi et al (1962) in 
benzene at 26°C are utilised. The Molecular weight determination on the fractions 
were made by the method of chemical titration in pyridine solution with well 
reproducible results. Fairly good linear jdot is obtained in case of K-S-R- and 
Ptitsyn eqs. with abscissa intercepts at about 59 and 128 Ms. Good linearity is 
obtained with Flory plot with an abscissa intorc(ipt at about 196 M. Very good 
linearity is obtained in Palit’s plot with a slope of 6 x lO"^. 



Fig. 28. Poly Dimethyl Siloxane in M.E.K. Fig. 29. I'ulyoUiylene Oxide in Rouzeuo 
at 30°C, at 2r>“C. 


B. POLYESTER 

Bisphenol A PolycarboruUe : The and [ 7 /] data of Sitaramaiali (1965) 
at 25®C are utilised. The Flory relation is found to be applieable only over 6000M. 
In tetrahydrofuran (Fig. 30), excellent linear plot is obtained in case of Flory oq. 
Fairly good linear plot passing through the origin is obtained in case of K-S-R- 
©q. Good linear plot passing through the origin is obtained in the case of Ptitsyn 
eq. Good linear Palit plot with a slope of 6.35 X 10”^ is obtained. 

In ethylene dichloride (Fig. 31), poor linear Flory plot is obtained. Very 
poor linear plot is obtained in case of K-S-R eq., but it passes through the origin. 
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Fairly good linear plot with an abscissa intercept at about 225M is obtained in 
case of Ptitsyn eq. Poorly linear Palit plot with a slope of 6.61 X is obtained. 



Fig, 30. Bisphenol A Polycarbonate in Fig. 31. Bisphenol A Polycarbonate in 
Totrahydrofuran at 25®0, Ethylene Diohloride at 25®C. 



Fig, 32. Bisphenol A Polycarbonate in Fig. 33. Bisphenol A Polycarbonate in 
Chlorofrom at 25°C, Tetraohloroethane at 26®C. 
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In chloroform (Fig. 32) fairly good linear plots arc obtained in case of Flory 
and Ptitsyn eqs. the latter having an abscissa intercept at about 276 M. Poorly 
linear K-S-R plot— passing through origin is obtained. Good linear Palit plot 
with a slope of 7.29x10“* is obtained. 

In Tetrachloroethane (Fig. 33) very poor linearity is obtained in all the first 
three eqs. The K-S-R plot passes through the origin whereas the Ptitsyn plot 
gives an abscissa intercept at 3600M. Poor linearity is obtained in case of Palit’s 
eq. with a slope of 8.84x10"®. 


M 10 



I 


£; 

of 

8 


Fig. 34. Bisphenol A Polycarbonnto in MethyJeno Chloride at 25°('. 


In mothylono chloride (Fig- 34) poorly linra-r plot is obtained in all the first 
three cases. K-S-R plot is found to pass through the origin. Ptitsyn plot has 
an abscissa intercept at about 400 M. Fairly good linear Palit plot is obtained 
vdth a slope of 6.68 x 10“*. 

F. POLYPEPTIDES 

P<^y-y-Benzoyl-L-Qlviamate The Mls and [rj] data of Doty el al (1956) in 
dichloracetic acid and D.M.F. at 26‘'C are utilised. In dichloroacetic acid (Fig. 36) 
very good linearity is obtained in case of Flory plot though it has an abscissa 
intercept at about 6000 M. Fairly good linear plot passing through the origin is 
obtained in case of K-S-R eq. Good linear plot is observed in case of Ptitsyn 
eq. though it gives a large ordinate intercept. Fairly good linear Palit plot 
with a slope of 4.05 X 10"* is obtained. 

3 
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In D.M.F. (Fig. 36) all the first throe plots are much scattered. When least 
square motliod is applied the Flory and Ptitsyn eqs. are found to give abscissa 

«/3 , 

M 10 [roR 4] 



Fig, 35. Poly-Y-Benzoyl-Ty-Glutamato in Fig. 36. Poly y-Borizoyl-L-Glutamaie in 
Diohluroacotio acid at 25®C. D.M.F. at 25'^C. 







TABLE III 

Tabular Summary of Results 
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* Stands for ordinate intercept 
D.P. Stands for degree of polymerization. 
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intercepts at about 48000 and 33000 Ms respectively while the K-S-R- eq is found 
to pass through the origin. The hand drawn curves can be made to pass through 
the origin. Palit plot is markedly curved but is least curved in comparison to 
the rest. 


G. POLYNUCLEOTIDES 

1. D.N,A. (Fig. 37) : The and [5] data of Butler et al (1959) in water at 
20° C are utilised. Good linear plot is obtained in case of Flory cq. with an abscissa 
intercept at about 1000000 M. Excellent linear Ptitsyn ]:)lot with an abscissa 
intercept at about 360000 M is obtained. Good linear plot is obtained in 
case of K-S-R eq. and it passes through the origin. Palit eq. is found to bo 
not at all valid. 

2. Renatured D.N.A. (Fig. 38) : The and [17] data of Doty et al (1965) 
in water at 20°C are utilised. Poor linearity is observed in case of Flory plot and 
it has an abscissa intercept at about 640000 M. Fairly good linearity is observed 
in case of K-S-R and Ptitsyn plots; the former passes through the origin while the 
latter gives an intercept at about 133000 M. Good linear plot with a slope of 
16.47 X lO"*® is obtained in case of Palit’s equation. 

DISCUSSION 

From Table III it will bo observed that as regards linearity, out of 38 different 
polymer-solvent systems studied, Palit^s plot is found to be best in 27 cases, 
Ptitsyn’s eq. is found to be best in 6 cases, K-S-R eq. is best in 1 case and Flory 
eq. is best in 3 cases— there being a single case where it is difficult to ascertain 
whether Palit eq. or Flory eq. is best sxiited. From these statistics, it is evident 
that in so far as satisfaction of linearity is concerned, Palit's eq. is the best. 

As regards the criteria of passing through the origin, the K-S-R and Ptitsyn 
eqs. are satisfied in 29 and 13 cases respectively, while the Flory eq. is not satis- 
fied in a solitary case— it always gives cither an abscissa intercept (in majority 
of cases) or an ordinate intercept (in a few cases). In cases where abscissa inter- 
cepts are given by all the three eqs., the intercept is always found to be the least 
in case of K-S-R eq. and it is always greatest in the case? of Flory eq. So the 
K-S-R eq., based on an equivalent ellipsoid model, is best suited to interpret 
the molecular expansion of most of the polymers discussed. In cases where only 
K-R-S plot passes through the origin, the Ptitsyn eq, always gives smaller inter- 
cepts. So the Ptitsyn eq. is better suited to various polymer-solvent systems 
in comparison to Flory eq. 

CONCLUSION 

The general conclusion is that the Flory eq. suffers from a serious limitation— 
it is valid generally in the high molecular weight range. The K-S-R and Ptitsyn 
expressions are well suited to inteipret the molecular expansion of most of the 
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polymers discussed. Palit’s eq. excellently correlates intrinsic viscosity and 
molecular weight of polymers. 
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ON THE REPRESENTATION OF THREE-BODY NON- 
ADDITIVE INTERACTIONS IN SOLIDS 
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ABSTRACT. An attempt has been made to roprosont the iliroo-body non-additivo 
inloractioiis empirically by a function which ai>]^oximjiiol,v roprusouis iho rcsultH obUiiiiod 
by (|uaiitum mechanical calculations. The results sliow that the Jansen’s formula as such 
(;;in not bo utilized for the calculation of the Boeoiid order crystal proporlios and the third 
virial cooifioient of gases. 


INTRODUCTION 

The problem of representing the simultaneous interaction between more than 
two atoms or molecules has not yet been solvt^d satisfactorily. Tlu^ first attempt 
in this direction was made by Axilrod (1951) who obtained tlu^ interaction lietweon 
i]\vvv non-overlapping distributions of charge in the third-order pcirtiirbation 
theory. This so-called triple-dipole effect dccre^ases the attraction compand to 
an addditivo sum-over pairs for an equilateral configuration of atoms and increases 
it. for a linear array. The same typ(^ of tliird-onier ('ffoct was evaluated by Muto 
(1943) for an oscillator model and later extended by Midzuno and Kihara (Udot)). 
These results have been applied to the calculation of the stability of inert gas solids 
and to the third virial coefficients of gases. The net effect summed over the hep 
and the fee lattices, however,' favour the cubic configuration for the inert gas 
solids but its magnitude is too small to take care of the small pair potential 
difference between the two structures, Sherwood and Prausnitz (1904) hav(' 
recently calculated the non-additivo three-body contributions to the third 
virial coefficients of gases as obtained from the triple-dipole eflei't. Tlieir 
calculations, however, reveal that at least for the dense gases it is essential to 
consider the non-additive repulsive forces in addition to the triple-dipole t‘ffcct. 

The first order forces (exchange, chemical or vahmee) which iiri^dominate at 
smaller inter-atomic distances are of the many-body type (Mai gcmau 1939). These 
forces were evaluat<‘d for an equilateral triangle and a linear array of thrive lu'lium 
atoms by Rosen (1953) and Shost ak (1955) using molecular orbitals. Subsequently 
Jansen (1962, 1963) obtained the tri-atomic first-order and second-oi der tbrec-body 
interaction for heavy rare gases by using a Gaussian effective electron model given 

by 

p{r) = exp ... (1) 

where r is the distance from the effective electron to its nucleus, /? is a parameter 
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and p{r) is the charge distribution of effective electron. His results for the three- 
body interaction in first order, agree in sign with those of Rosen (1963) for helium. 
It sliould bo pointed out that for the equilateral triangle configuration the relative 
three-body energy formula of Jansen remains almost constant for increasing inter- 
atomic distances (in terms of the dimensionless parameter jSr) whereas the Rosen 
formula shows an exponential decrease. In the second-order the contribution to 
the relative three-body component is the sum of the effects due to diatomic and 
triatornic exchanges. Jansen’s calculations explain satisfactorily the fee structure 
and the enegy of vacancy formation in solid argon (Jansen, 1963). Due to mathe- 
matical difficulties the quantum-mechanical calculations are not suitable for 
applying to a general case and for considering the effect on various properties. 
It seems that, at present the only way to consider simultaneously the effects of 
three-body interactions in both the attractive and the repulsive })arts is to use a 
pair potential with the parameters adjusted to the theorc^tical results obtained for 
three-body interactions. 

TERMINATION OF THE T H R E E-R O I) Y NON- 
ADDITIVE INTERACTION FUNCTION 

The throe-body non-additive interaction written as, 

9^non ~ ^total i ^ (‘^) 

where represents the total interaction energy between three molecules form- 
ing a triangle and in the second term on the r.h.s. of eqn. (2), the summation ex- 
tends over all the three pairs of the molecules. It has been shown by Kihara 
(1958) that the three-body non-additive interaction in the attractive part can be 
represented as 

^non ^ ^(^12 ^13 ^2 •** (^) 

where v = ^ ocu, 

4 

a is the polarizability and [i is the coefficient of two-body dispersion energy varying 
as r~®. No convenient expression for including both the repulsive and the 
attractive parts is available. However, it is found that an expression 

<l>non = + COS COS <?2 COS^^g)! S (4) 

represents fairly well the quantum mechanically obtained results by Jansen (1962, 
3963) (Fig, 1). in the above equation are the reduced intermolecular distances. 
It is possible to determine o from the cohesive energy in the solid state. The 
three-body non-additive contributions to the cohesive energy per lattice-point 
in a fee lattice considering only the nearest neighbours are given by 


^^eohl^ — 8Ago4’4Ago+8Ai2o“h2Aig0, 


( 5 ) 
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where ^ 

Aj = — w(ri2%3*’‘l3*)“®(l + lOcOS0iCO8<?2CO8 03 ) S ... (6) 

‘Vi 


Oil tho basis of the core-potential (Sherwood and Prausnitz 1964 ) 


I / (r-2a / 

'«r-2a \»] 

1 

e 

iM 

1 

1 r-2a / J 



3 

Fig. 1. The variation of 2 vs $ for solid argon. 

•Vi 


(7) 


(The interatomic distances are the nearest neighbour distances), 
wlicre a is the core radius, cr is tho value of r for which (f>(r) = 0 and e is the maximum 
energy of attraction, the pair cohesive energy per atom is given by 




( 8 ) 


Tn the above expression 0^2 and Cj are lattice sums for the fee structure and do 
is the distance of nearest neighbour. 

The cohesive energy per atom corrected for the three-body interaction is then 


= ^?'eoA/i\^-f8Aoo+4Aoo^-8Al2o+2A,8o. - (9) 

The value of to calculated from oqn. (9) for inert gases are recorded in table I along 
with the force parameters (Sherwood and Prausnitz 1964) used in the calcula- 
tion. The core-potential has been used due to its flexibility as shown by 
Barker (1964). 

TABLE I 


Gases 

a* 

.A 

elh^K 

dol 

Lo'T 

oal/mol 

Ct> 

4i,{do) 

Ar 

0.126 

3.214 

147.2 

.3.756 

1846 

0.350 

1.708 

Kr 

0.160 

3.621 

216.6 

3.991 

2666 

0.400 

1.679 

Xo 

0.176 

8.878 

298.8 

4.335 

3828 

0.463 

1.722 


tPoUook, L., (1964) Rev, Mod. Pbys., 3€> 748. 
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R K .S U L T S AND DISCUSSION 

Tn onl('r to chock tho adequacy of eqii. (4), we have calculated the Debyo 
charactori.stic temperature (Hii'scliftildcr, Curtiss and Bird, 1954) given by 


W = ( I ) — ^ - (9) 

Avhero tho fuiidamontal froqiionoy v(^(,) for a molecule of mass m, moving in three- 
el imonsioiial potential well corrected for three-body non-additive interaction on 
tlu' core-potential is 


Ad,) 


n‘^m((r—2ay 




in which 


A = 4^*/^ ... (11) 

The calculated and the experimental values of Od (Pollock, 1964) are given in 
Table II along with the values obtained on pair-potential {A = 0) and values deter- 
mined from crystal properties (Singh and Bania, 1967). It can be seen from Table 
Tl that by considering three-body non-additive interaction the agreement betw een 
the experimental and tho calculated values of dj) becomes worse than that obtained! 
on the pair-potential. However, no reliable quantitative conclusion on the three- 
body overlap forces based on the Jansen formulas which explain f.c.c, structure 
of inert gas solids with remarkable success, can be drawn from this simple analysis 
which shows a negative result (Table II). Recently, Bullough, Glyde, and Venables 
(1966) have measured the stacking fault energy in solid argon and have found 
it to bo l/15th of the value predicted by the Jansen formulas. It may be pointed 
out that the i)aramct.ers for the pair-potential obtained from tho crystal propei ties 
at represent the experimental Od value quite satisfactorily (Singh and Barua, 
1907). This le^ads one to believe that the success of the additivity hypothesis may 
bo due to an unexplained cancellation of the non-additive effects in the successiv(‘ 
orders of the perturbation theory. 

One of the best properties suitable for the study of non-additive interactions 
and w’^hich docs not depend on more than three-body forces is the third virial 
coefficient of gases. In performing the theoretical calculation of tho third virial 
coefficient G(T), one must take into account of the following three types of three- 
body interactions; 

(a) tho first-order triple overlap exchange interaction (Jansen, 1962), 

(b) the second-order single-overlap exchange interaction (Jansen and Mc- 
Ginnies 1966) and 

(c) the thrid-order triple-dipole interaction (Axilord and Teller, 1943)* 
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The effect of the triple-dipole interaction on the third virial coefficient has been 
investigated by several workers (Koba, Kaneko and Kihara, 1956; Graben and 
Present 1962; Sherwood and Pransnitz 1964). In applying the Jansen formulas 
which include the interaction of types (a) and (b) to the theoretical calculation of 
non-additive third virial coefficient, Graben, Present and McCulloch (1966) find 
that Jansen’s choice of the Gaussian parameter /? is unreasonably large. The 
sensitive dependence of the non-additive (Correction to C(T) on the parameter /J 
limits the scope api>lying Jansen formula# as such in estimating the total non- 
additive effects in C(T). 

On the above arguments it seems thit the Gaussian model and the Jansen 
formulas at best can be utilized to find a functional form of the non- additive 
correction of the types (a) and (b). In the present paper we have attempted in 
this direction and have found that the cqu. (4) which is independent of the para- 
meter is very close to the Jansen formulas. 

TABLE II 


Dobyo Tomj). (®K.) at ()°K 
Odo calculuted from 
Hubstanco Dobye T(»inp. — 



("K) at ()”K 

et,o KxptL 

Puir- 

Potentiol 

Thrw-body 

CTystal 

Proportios 

Ar 

03.:? 

07.7 

62.3 

94. 1 

Kr 

71 .7 

52.7 

48.6 

12 A 

Xo 


52.8 

48.7 

(U.8 


*Tlii8 value ifi expentocl to bo about 65“!^, (PoUook ]96t). 
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ABSTRACT. Thormal conductivity of siflpLurtlioxido and diothyl otiior have boon 
measured over the temperature range 39'’-200.0°C with tlie help of thif^k-wire variant of the 
hot wire method. The ob.served data are in good agroemont with tlio results obtained by 
oi>rUor workers. Attempt has been made to intAi'|)ret the observed data in the liglit of the 
rooont theory dovolo[)od by Mason and Monohick. It is found that I'olaxation phenomenon 
plays a significant role in the interchange of energy botwoen translational and rotational 
degrws of freedom. 


INTRODUCTION 

Besides being of industrial and technological importance accurate measure- 
ments of thermal conductivity of polyatomic gases may serve as a source of in- 
formation regarding the interchange of energy between internal and cxtcirnal degrees 
of freedom. Unlike monatomic gases which are devoid of internal motions, the 
heat conductivity of a polyatomic gas cannot be explained with the help of the 
classical theory. (Hirschfoldcr, Curtiss and Bird, 1954). The first attempt to 
take into consideration the transport of internal energy was made by Eucken 
(1913) according to whom, 

AM It) = ftrOvir^hfinfi^int " • ( 1 ) 

whore A = coefficient of thermal conductivity, // — coc^fficient of viscosity, M 
is the molecular mass, Cvtr and Cvint are the translational hc^at capacity and the 
internal heat capacity respectively. u and fint arc the Euck(*ri factors corres- 
ponding to the translational and internal degrees of freedom. For the noble 
gases ftr was assigned a value 5/2 while from moan free path arguments fi„( was 
taken to be equal to 1. Experiment, however, shows that is temperature 
dependent for most of the polyatomic gases and varies from 0.7 to 1.3 over the 
temperature range 80°K — 380°K. It was suggested later by several workers 
that transport of internal energy takes place by some diffusion mechanism and 
fint should be replaced by pDjT} where p is the gas density and D the self-diffusion 
coefficient. A more rigorous attempt to derive explicit expression for the thermal 
conductivity of polyatomic gases was made by Hirschfelder (1957) who considered 
the molecules in different quantum states as different chemical species. According 
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to him when tho exchange of energy between translational and internal degrees of 
frec^lom is very fast so that a condition of local chemical equilibrium is maintained, 
one obtains the modified Eucken expression for the thermal conductivity of a 
polyatomic gas. Usually, however, for most of the polyatomic gases the condi- 
tion of local chemical equilibrium is not maintained and it has been felt by several 
workers (Wacdbrocck, and Zuckerbrodt, 1958; Srivastava and Barua, 1960) that 
some relationship must exist between thermal conductivity and the rate of ex- 
change of energy between translational and the various int ernal degrees of freedom. 
The theory of heat conductivity therefore needs a better theoretical foundation 
so that it can be (extended to the case of non-sphcrical molecules (both polar and 
nonpolar) undergoing inelastic collision. 

Recently Mason and Monchick (1962) have derived explicit expressions for 
th(^ thermal conductivity of both polar and non polar gases starting from the somi- 
classical theojy of Wang Oliang and Uhlenbeck (19(>4) and making some crude 
approximations. According to them in the case of nonpolar polyatomic gases 
a relaxation of energy transfer between translational and inlernal degrees of freedom 
affects thfi transport of heat energy. For polar gast\s, however, a second effect 
namely resonant exchange of energy beUvecn internal dt'grees of fr<‘( dom plays 
a significant role. Mason and Moncliick (1962) deiived the follo\^iiig expressions 
for fir and ftnt hi the case of a polar gas; 



f ‘"I ( 

J 2 plaint \ 

_i f . 1 

... (2) 

2 1 

1 3» / \ 

5 ?/ “ / 

li Zk J 


plhnl 

V 


1-^ " \ 

^ ^ 7} j 

^ . s 1' *1 

/I ry \ 

... (:i) 


^^int ~ 



... (4) 


In the above expressions is the heat capacity for th(^ if-th internal mode and 
Zjc is the corresponding collision number . Z'/Zj, is the eorrection due to tlu' r(\so- 
nant exchange of internal energy. Generally, however, only the rotational modes 
are considered since Z is large for other modes. Finally the expression for the heat 
conductivity of a polar gas becomes, 




P^int Q ^ ^ (^rot 

V 1,\2 -> ) ~Z„ 



whore Sm~m expresBion for Eucken factor according to Mason and Mon- 

chick’s formulation. 

In tho present paper the observed thermal conductivity data have been uti- 
lised to determine the Zrot values at different temperatures. In order to study 
tho efficiency of transfer of translational as well as internal energies ftr and fin, 
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values have been determined at different temperatures using the calculated values 
of Zfac 


APPARATUS AND THEORY 

In the present measurement the thick-wire variant of the hot-wire method 
lias been utilised. The description of the conductivity cell has already been given 
in an earlier paper (Srivastava and Das Gupta, 1966). During experiment the cell 
was placed in oil bath whose temperature coEktrol was in general within ±0.05"(7. 
The constants of the cell used are given in Table 1 . 

Gaseous Sulphurdioxide used in this experiment was prepared by the action 
of concentrated Sulphric acid on Sodium sidphite. The gas was properly dried 
before use by passing it tlirough Calcium diloride. Gaseous diethyl ether was 
obtained by vaporizing chemically pure liquid ether. 

The solution of the differential equation for the flow of heat along a wire 
has been shown by Kannuluik and Martin (1933, 1934) to be as follows, 


fifil) = (!//?/)« (l- 


... ( 6 ) 






_ Ku 


ri In 


... (7) 

... ( 8 ) 


where JR is the resistance of the wire when a current I amp is flowing through it, 
is the resistance of the cell wire at the bath temperature for 1 = 0. and A 
are the thermal conductivities of the wire and the gas respectively. 

In Table II a typical set of observations taken at 80.PC for SOg and (€ 2115)20 
has been recorded. In this table is the apparent thernal conductivity and K' 
is that obtained after reduction to the bath temperature and making correction 
for non-radial flow, radiation loss, temperature jump and wall effects. A is the 
thermal conductivity obtained after correcting the mean value of for the 
assymetry in the cell construction by the relation A = -K''(l— G). The factor 
(1— G) was obtained by calibrating the cell with neon at 39°, 80°, 120.3°, 160.5° 
and 200.8°C taking the data of Kannuluik and Carman (1952) as standard. At 
every temperature the conductivity has been measured for three different currents 
and values are found to agree within less than 1 % on the average. The thermal 
conductivity values thus obtained are recorded in Table III. The variation of 
thermal conductivity with temperature has been shown graphically in Fig. 1. The 
results obtained for SOg and (€ 2115)20 are found to be in good agreement with those 
obtained by Baker and De Haas (1964) and Vines and Bennett (1964) respectively, 
6 
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TABLE I 


Constants of thermal conductivity cell at different temperatures. 


CoiistaiitB/T^G 

39 

80 

120.3 

160.5 

200.8 

Tliermal Conductivity ‘X’ of the wire 
in oal/cm. sec. ”C, 

0.1670 

0.1703 

0.1731 

0.1748 

0.1760 

Tomi)ortituro coefficient of resistance 
‘a' of the platiriuia wire in 

0.00300 

0.00204 

0.00239 

0.00217 

0.00 ID!) 

Kehstance of the cell wire in ohms. 

0.9705 

1 .0927 

1.2081 

1..3261 

1.441G 

Cell Constant (1-0) 

.987 

.985 

.985 

.986 

.985 

Length of the cell wire { 21 ) 




6.290 

cm. 

Kadius of the cell wire (r^) 




0.00500 

cm. 

Internal diameter of the cell (Srg) 




0..30I 

cm. 

Outer diameter of the cell (2/3) 




0.590 

cm. 


TABLE II 

Observations taken for the thermal conductivity in cal/cm.8ec°C at 80.1°C 


Substance 

1 

in mA 

(R — Bo) 
inn 

K,,X 105 

K.'X 105 

X I0» 

XX 105 


130.03 

0.03178 

0.032 

2.908 



Sulphur 

129.29 

0.03142 

3.031 

2.908 

2.908 

2.893 

dioxide 

128,25 

0.03092 

3.030 

2.909 




127.23 

0.01914 

4.926 

4.792 



Diethyl other 

127.84 

0.01928 

4.938 

4.803 

4.804 

4.774 


129.. 33 

0.01967 

4.956 

4.818 




COMPA BISON WITH THEOKY 

From oqn. (6) the expression for Zr^t becomes, 

Z 1 — ® ^ P^int \ r plaint _|_ 3 / 5 P^int \ ^ / nrl”^ (O) 

; o.[-^-+2(2 — Jc?, "-"J - 

For the calculation of from the above equation one must know the values of 
/m-m, Z'jZ^, C’e and pDjti at different temperatures, /m-m occurring in the above 
expression has been replaced by ( — XMjrfC ) in the present calculation. 
The specific heats (7* for SO 2 and (C2Hj)20 have been taken from the data of 
Lambert and Slater (1967) and Vines and Bennett (1954) respectively. It was 
shown by Baker and De Haas (1904) that for SOg Z'IZq is very smaU and can be 
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neglected. There being no experimental data for the moment of inertia of di(*thyl 
either, it is not possible to determine Z'|Z^^ in this case. This diflculty however, 
lias been avoided by treating weakly polar diethyl ether as a nonpolar polyatomic 
gas for Avhich Di^t can be taken to be equal to D the self-diffusion coefficient. 

For the calculation of pDjri the force parameters on 12-6-3 potential given by 
Mason and Monchick (1961) have been utilised. The viscosity values for SOg 
have been taken from the recent measuremeiits of Pal and Barua (1966) while for 
( 02115)20 the data obtained by Craven and Lambert (1961) are utilised. Tlie rota- 
tional collision numbers Zrot thus determineki have been recorded in column 4 
of Table III. These values have been utiBsed to calculate and firant using 

the equations (2) and (3). 



Fig. 1. O Present Investigations. 

Q ^Vines and Bennett (1964). 

Solid □ ^Beker and Be Haas (1964). 
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TABLE III 


Rotational Collision number at different temperatures 


Substance 


"kexpt X ^6 

^rot 

ftr 

/int 


39.0 

2.. 374 

1.08 

0.76 

1.91 


80.1 

2.89.3 

1.13 

0.84 

1.80 

Sulphur dioxide 

121.3 

.3.511 

1.29 

1.06 

1.76 


ICJ.l 

3.989 

1.49 

1.24 

1.67 


200.6 

4.630 

2.00 

1.66 

1.67 


80.1 

4.774 

1.12 

0.83 

1.43 

Diethyl ether 

120.2 

6.806 

1..36 

1.13 

1.40 


160.1 

6.946 

1.48 

1.24 

1.38 


200.1 

8.096 

1.66 

1.30 

1,37 


DISCUSSION 

It is evident from the present investigation that the values obtained 
from the thermal conductivity measurements show an increase with temperature. 
This is, however, in accordance with the results obtained for Sulphur dioxkk* 
and ammonia by Baker et al (1964) and Srivastava and Das Gupta (1966) rospeu!- 
tively. Recently Baker and Brokaw (1966) have obtained the reverse result 
regarding the temperature variation of Zrot ^ polar gases including ammonia 
using thermal conductivity data. From the formulation of Mason and Monchick 
(1962) it appears that the rotational collision number is very much sensitive to 
thermal conductivity results. Hence a slight difference in the temperature 
dependence of thermal conductivity may yield an entirely different temperature 
variation for Zfot* Recently, Zink, Bose and Itterbeck (1965, 1966) obtained a 
decrease in Zrot values with the increase of temperature for Oxygon and Hydrogen- 
Helium systems, from ultrasonic measurements. In the case of polar gases how- 
ever, no such experiments have yet been performed. For a polar gas it is rather 
difficult to predict anything regarding the temperature dependence of 
it involves long range dipolo interaction which plays a significant role in 
energy interchange during collision. Moreover, the temperature variation of 
Zfoi for repulsive interaction is in the opposite direction from that for an attrac- 
tive interaction. The different theories so far developed give conflicting results 
regarding the temperature dependence of rotational collision number. Therefore 
under the circumstances it appears that direct experiments are to be performed 
for polar gases over a wide range of temperature in order to get some idea about 
the temperature dependence of translational-rotational energy exchange. 
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From Table III it can be seen that//f values increase Math the increase of 
temperature for both the gases whereas /(„, shows a decrease. This impliees that 
at high temperature the efficiency of translation -rotation energy interchange is 
reduced. Vines and Bennett (1964) however observed an increase of fi^t with 
temperature for some polar and nonpolar polyatomic gases. They attached 
more importance to the translational-vil»ational energy exchange which is usally 
significant at appreciably high temperatures. At moderate temperature, however 
the translational-rotational energy exchange plays a more prominent role. More- 
over, in the treatment of Vines and Beni^tt (1954) there was no scope for taking 
into account the relaxation phenomena in th(' interchange of energy between 
external and internal degrees of freedom. 
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ABSTRACT. The contribution of the bound double molecules to tlie second virial 
cooHiciont H(T) has been calculated for the polar gases. The calculation is valid for any ‘effec- 
tive’ relative orientation between the dipoles of the two interacting molocides and is an im- 
provement over the one made previously by Barua, Chakraborti and Saran. 

INTRODUCTION 

Due to the presence of long-range, angle-dependent, dipole-dipole forces, it 
is difficult to represent the intermolecular potential between two polar rnolecules 
in a suitable functional form. At present, the most commonly used potential 
energy function, the Stockmayer potential can bo represented as : 

^(r) = 4e[(<r/r)i®-((T/r)«J- ^ d^, ^), ... (1) 

» ^ 2 ’ ^ COS 0-^ COS 0^ sin O 2 cos (p, ••• (2) 

where // is the dipole moment, 0^ and 0^ are the angles of inclination of tlie axes 
of the two dipoles to the line joining the centres of the molecules and (J> is the azi- 
muthal angle. When //--> 0, <^(r) is the commonly used Lennard-Jones (12 : G) 
potential (Hirschfelder, Curtiss and Bird 1964) for nonpolar molecules. 

The classical statistical expression for the second virial coefficient can be 
written as : 


where 


B(T) = ^ / J 


... (3) 


^ TT 271 27r 

J = / / / sin 01 sin ... (4) 

n 0 0 0 

Stockmayer (1941) and Rowlinson (1949) evaluated B{T) for the polar gases from 
eqs. (1) and (3) by assuming equal probability for all the relative orintations 
of the dipoles of the interacting molecules. 
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Fortunately, physically more understandable and rigorous approach to the 
problem of calculating B(T) can be achieved by breaking up B(T) into three parts 
(Stogryn and Hirsohfelder 1969) : 

B{T) = Bf(T)+B,{T)+B,n{T), ... (6) 

whore Bf(T), Bi,(T) and Bm{T) are respectively, the contributions of the free, 
bound and metastably bound double molecules to the second virial coeffi- 
cient /?(?’)• 

^*^4 B„f{T) are related to the equilibrium constant for dimerization. 
Eeccntly Barua, Chakraborti and Saran (1965) have evaluated B,,{T) mainly with 
the purpose of calculating the percentage of dimers in i)olar gases. In order to 
simplify the calculations, they have made certain approximations in evaluating 
the integrals. However, to calculate B{^) accurately from cq. (5), all the parts 
should be calculated precisely. In the present paper we have made a refined 
calculation of Bf,(2'). 


OUTLINE OF FORMULATION 

It has been recently pointed out by Semenov (1966) that the classical mechanics 
is not strictly valid in the range of states corresponding to bound particles where 
the Sohrodinger equation allows only a number of discrete energy levels. Follow- 
ing his treatment the contribution of bound states to the second virial coefficient 
may be written as : 

5oo««d=-2»'WA»«Z„ ... (6) 

\vhero hoxind includes the contribution of stable double molecules and 

Zg = S e-EpikT ^ S(2Z+1) S e-En,ilk2\ ... (7) 

P In 

where is the energy of the bound particles, n and I are respectively the vibra- 
tional and rotational quantum numbers. 

It is well known that the methods of classical statistical mechanics are appli- 
cable to the evaluation of the partitions function provided << kT, where 
Ai? is the energy difference between two neighbouring quantum states of a system. 
The extensive study made by Stogryn and Hicschl'elder (1959) and their evalua- 
tion of the maximum number of vibrational levels lead us to conclude that for 
heavy molecules (i.e. molecules except H 2 , He and Ne) and at not too low tempe- 
ratures the difference between the classical and the quantum methods is insigni- 
ficant. In the present paper wo have followed the method of Hill (1955) applying 
classical statistical mechanics for obtaining the pailition function for the boimd 
double molecules. 
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For spherically symmoiric potentials : 

B,{T) = -NA’^Q^IV, 


... ( 8 ) 




wli(!re N is Avogadro’s number, F is the volume, A* = 2nmkT 
partition function for bound double molecules. Following Hill (1965) 


y OT) 

Qib = «A6 / exp i-^{r)lkT]inr’‘F(r)dr, 

P(r)<0 


(9) 


where 


Fir) 


From oqs. (9) and (10) one gets : 


12 ’ kT f 


il) 


BilT) = -2itN f r2 oxp l-^(r}/kT] 
d 


^(i-f n 

^( 4 ) 


dr. 


(10) 


where j’s incomplete gamma function and d is the value of r for 

which ({>ir) = 0. 

The potential energy function given by eq. (1) can bo written as : 

^(r) = 4el((r/r)i2— (o-/r)«— ^(cr/r)3], ... (11) 

where 


Lot us define the following reduced quantities : 

= (pje, r* = r/cr, T* = kTje, 


... (11a) 


d* = d/<r, = b^ = -^irN<T^ 


... ( 12 ) 
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In terms of the reduced quantities eq. (10) becomes : 




rjl- - \ 

\ 2 ’ T* J 


r 

T' 

~WiW 




(13) 


By applying certain mathematical transformiitions (Barua, Chakraborti and Saran 
1965), wo can obtain : 




2 

r(3/2) 


s 


ll«0 


r(i+^) r(5/2) 1 ? /i4\ 


Substituting the value of ^*(r*) from eq. (ll) and putting y = >^*^ 3 / 2 ^ integral 
in eq. (14) reduces to : 

ot> / 4 \ «+3/2 y' 

... (16) 

where 


y' = 


Thus, finally we get : 


* ' ’ 7 ^ «-0 '(2w+3)! \ 


1 \«+ 8/2 
T* / 


X 


y' 

i - (16) 

0 


TABLE I 


A 0.00 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

y ' 1.000 1.043 1.077 1.106 1.129 1.161 1.170 1.188 1.204 


6 


TABLE II 

Calculated values of for polar gases 
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METHOD OF CALCULATION 

The upper limit in the integral of eq. (16) is a function of A and can be cal- 
culated for a fixed value of A (which corresponds to an ‘effective’ relative orienta- 
tion of the interacting dipoles) from the equation ^{y') — 0. The values of y' 
for the different values of A are given in Table I. Recently Barua et al, (1965) 
have evaluated the integral by putting an average value of y within the bracket of 
cq. (16) so that for ^ = 0 each term in eq. (14) is equal to the corresponding term 
in the expression for the Lennard- Jones (12 : 6) potential (Stogryn and Hirsclifelder 
1969). With this approximation they obtained : 




4»* . »!(2M-f-2)! (2w4-3)! (2w-|-l) 
(4«+6)! (Wf 1)1 


(17) 


As a further approximation, they had raken the upper limit of the integral as unity 
so that the eq. (16) reduces to 

j r«(— | r«(— ^*/r*)**+*/2 . dr* 

d* 1 


_ 2 I 4(^+y„a-y„«) 1 

3 L T" J * 2n+l ■ 


(18) 


As the main purpose of Barua et al (1966) was to obtain the percentage of 
dimers for polar gases needed for the study of pressure dependence of transport 
properties, they were justifled in making these approximations in order to simpli- 
fy the calculations. However, as the main contribution to the total second virial 
coefficient B{T), Bi{T) must be evaluated precisely. 

The summation in eq. (16) converges very rapidly for higher reduced tempera- 
tures and lower values of A. Otherwise, the convergence is slow and a large 
number of terms arc needed in the series to obtain an accuracy of five significant 
figures. The integral of each term in the series of eq. (16) was divided into throe 
equal intervals and for each interval a nine-point Gaussian integration was done. 
Bf*{T*) has been calculated for T* , ranging from 0.4 to 10 and for the values 
of ^ from 0 to 1.6 and are given in Table 2. We estimate the accuracy to be 
generally of the order of 0.01% and this is indicated by the good agreement with 
the results obtained by Stogryn and Hirschfeldor (1959) for the Lennard- 
Jones (12:6) model(i.e. for A = 0). 
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ABSTRACT. In the present paper expiDssions for the temperature distributions in a 
circular pipe are derived when vis<?ous incorapipessiblo fluid is flowing through it. The term 
of dissipation duo to friction is not neglected and the rate of heat addition (i) varies linearly 
with time, and (ii) decreases exponentially with time. The difference in the temperature 
distribution introduced by the inclusion of the dissipiation term has also been discussed. 

INTRODUCTION 

This paper consists of two parts. In Part A the temperature distribution 
in a circular pipe when viscous incompressible fluid is flowing through it with the 
rate of heat addition varying linearly with time is discussed. An expression for 
the temperature distribution is obtained in dimensionless form. This consists 
of two parts, the one varies linearly with dimensionless time Fourier modulus 

Ti= radius) and the other is transient part of temperature, which 

JX 

vanishes in the limit as t tends to infinity. It is also seen that the contribution 
of the transient part is insignificant when > 1. 

In part B the temperature distribution in the same pipe is studied when 
viscous incompressible fluid is flowing tlirough it with the rate of heat addition 
decreasing exponentially with time. An expression for the temperature has 
been obtained taking 


1 

/WJ, 


dt 


:S a„e- 


-fit 


which has been compared with that of Lai’s result (1964) where he has obtained 
the expression by neglecting the dissipation term. Our expression contains some 
additional terms and the reason for this has been discussed. The result is in 
complete agreement with similar results obtained by Ballabh (1959) and Snnedon 
(1961) where Ballabh has obtained the expression for the velocity by using the 
method of superposability and Snnedon has discussed the heat flow under expo- 
nentially decreasing temperature gradient. 
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Here the expressions for the temperature distributions in both the parts are 
derived with the conditions that the surface r — B{\) has zero initial temperature 
and (ii) is always being kept at zero temperature. 

1, 'I’he energy equation (Pai, 1956) in the present case is 


dT ^ I dQ , , , (d^T 1 ^ 
dt pe„ ^ \ dr® r dr 



( 1 . 1 ) 


j. 2 

where F = _ and c = constants, and represents the maximiim 

pc„ pc^H 

velocity in the pipe. The last term in the equation (1.1) is dissipation due to 
friction and is not neglected in the present investigation. 

PART A 


2. Rate of heat addition varies linearly with time. 
We, therefore, assume that 


-L ^ = 

pc„ at 


Equation (1.1) then becomes 


dT 

dt 



W 1 dT 
dr^ r dr 



( 2 . 1 ) 


(2.2) 


_ 00 

Now lot T = J er^KT dt be the Laplace transform of T and let Tq be the initial 
0 


value of T, 

Multiplying equation (2.2) by and integrating between the limits 0 to co, 
we get 


^ 4- ^ ^ It 4- ^ 4- ~ 

df^ r dr k' A; \ ^ s 


(2.3) 


Equation (2.3) can be solved by the method of variation of parameter and we get 
the solution as 


f = AIo(rp)+BKf^{rp)+^{r,3), ... (2.4) 


where p — , and 

k' ?>(r, s) = K,{rp) f (r„+ 5^ + . Io(rp).rdr 


-hirp) J (^0+ ~ + -”) .Ko{rp)rdr. 
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Now we shall find Tq. 

Initially the rate of heat addition is zero and the temperature is steady in 
the pipe. 

Hence = 0 and we obtain ® j-® (2.5) 

at • or* r dr 

The boundary conditions are 

Tq — finite when r =» 0 

and Tq = 0 when r = Bi 

The solution of equation (2.6) under those boundary conditions is 

Substituting this value of I'q expression for <l>{r, ,s) and using certain 

recurrence relations of Bessel functions, we obtain 



Then 


f = AUrp)^BKM+ j • (2.6) 

The boundary conditions for T are 

T — finite when r = 0 
and T = 0 when r — R. 

Applying these boundary conditions, wo get 

p _ G ( R*—r* \ , a _ a JoUrp) 
ifi*' \ 8 / ^ ’ Jo(iJip) * 

Now applying Laplace inversion theorem, we obtain 











e 


(2.7) 
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where ocm are the positive roots of J^iot) = 0 

At time t = 0, T = - ~ (i?*— r*). Hence from equation (2.7) by putting 
^ 16k^ 


^ = 0, we get S 


J / \ 

s _J J?J- = i 3-1! \ I i-l!) 


Writing rjE — rj bo that ^ is less than 1, we get 


128^ ' 


Putting V/ = 0, we get 


128 


Now we make equation (2.7) dimensionless by introducing 


r m _k't 


where <1 is a characteristic temperature. 
We then get 


+84 1 * • i^.e— 

m-1 ^tn ^ i(^) 


( 2 . 8 ) 


where 6« = and 6 = are clearly dimensionless numbers. 

\6k 0 4kk 


We now take 


r = Ti4*^a» where 

= 6o(l-9*)+6 2’,(l-^*)-|g(3-^*)(l-i/®). 


and 


C30 *1 

86 S J... 

m-t 
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Tho graphs for fixed = 0, 0.3, 0.6, 0.9) showing the variation of t with 
the parameter (dimensionless time Fourier modulus) have been drawn 
in three cases 6 = 1, 6o = 1; 6 = 2, 6^ = 1; and 6 = 1; 6q = 2 in tho range 
2’j = 0 to = 1. 

3.00 



Graph showing variation of r with 

The graphs beyond Tj = 1 have not been drawn because is very small 
compared when > 1 , hence the transient part is insignificant and t varies 
linearly with in this range. From the graphs it is observed that r inersases with 
for fixed 7/. It is also seen that for any T^, t decreases with the increase of rj 
and it is maximum when ^ = 0. It means that points near the axis of the 
cylinder are having more temperature than tho points which are far from tho axis 
of the cylinder. 

PART B 

3. Rate of heat addition decreases exponentially with time. 

Wo assume that = S (3.1) 

pc^ ot «-i 

Equation (1.1) then becomes 

Lot f = f . Tdt be the Laplace traMform of T and let be the initial value 


of T. 
7 
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Multiplying equation (3.2) by and integrating between the limits 0 to 
00 , we get 


, 1 3? _ js 
dr^ r dr k' 


L ? = — jT 4- — 4- S 1 

k' L ^ (s+n) J * 


The above equation can bo solved by the method of variation of parameter 
and we get the solution as 

T = AlQ(rp)i-BKQ(rp)+tf>(r, s), ... (3.3) 

where P ^ 

h’ . i>{T, s) = Urp) f [r«+ ]/o(rp) . rdr 

Here Tq = as obtained in Part A, 

lo« 

Substituting this value of in the expression for ^(r, s) and using certain 
recurrence relations of Bessel functions, we get 


JL/ \ c \ 1 V 

- iW { ~T~ }^ n-l '5(iT») 


T =. ^7.(rp)+BA-.M+ j-|.( V) + .!. 


Applying the previous boundary conditions, we get 


5»= £ 


ur 1- V _®« 

/L «(s+n)' 


Now applying Laplace inversion theorem, we get 


T = (R^-r*)- S 5* 1- 

loA; n 


.{* Hf] 


ffri 

I TCL^ \ 

» - o M-w) 3 

+2 S S -^^7^,-.- 


= 2’i'+2','+2’,' ... (3.6) 
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This expression for temperature does not agree with Lai’s result (1964). 
His expression for the temperature with the present boundary conditions does 
not contain T^' and T^' because he has solved the enrgy equation by neglecting the 
dissipation term and by assuming 

y = S 

where is a function of r only whereas in our case the dissipation term has not 
b(!en neglected. Our expression (3.6) for the temperature is in complete agree- 
ment with similar results obtained by Bhllabh (1959) and Snnedon (1961). 
Ballabh (1959) in his paper has obtained, the expression for the velocity by 
using the method of super-posability and Snnedon (1951) has discussed the heat 
How under exponentially decreasing temphrature gradient. 

Hence Ti'-fTa'-f T^' is a more general solution of equation (l.l) and has been 
confirmed by Laplace Transform method. 
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CLASSICAL THEORIES OF DIELECTRIC CONSTANTS 
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ABSTRACT. The equivalence of the two classical theories of dielectric constant one 
duo to Mott and Gurney and the other due to Sssigeti is discussed and established. XJiis con- 
sists in tJie suggestion to identify the effective charge of the ion in the Szigeti’s model with a 
factor in the theory of Mott and Gurney which determines the degree to which the neighbour- 
ing ions overlap. The effective charge of the different alkali halide crystals has been recal- 
culated on the basis of the first relation of Szigeti employiikg the more recent data for dioUy;- 
trie constants and Reststrahlon frequency. The second relation is employed to oompuic 
compressibility and those are compared with the latest ex}3ori mental dala. Our inter^)ret n- 
tion of the Szigeti’s theory also permits the calculation of low frequency dielectric constH)il 
from its first relation. We also discuss a procedure for evaluating infrared polarizabili(> 
values from the basic knowledge of interatomic forces. Lastly, wo corroct and complete some 
of the earlier reported results, (Kachhava et aL 1966) on the theory of Mott and Oumoy. 

INTRODUCTION 

We (1966) recently discussed the possibility of calculating the dielectric cons- 
tant through the knowledge of interatomic forces. For this purpose the theory 
of Mott and Gurney (1948) was considered and specific calculations were presented 
for the alkali halide crystals having the NaCl-type of structure. Unfortunately 
some numerical error inadvertently got associated with these calculations. The 
purpose of the present paper, though is to examine and discuss the theory of dio- 
olectric constant as formulated by Szigeti (1949,60), we find it necessary to briefly 
summarize the corrected results of our previous effort so that a proper appraisal 
of the new work may be possible. 

In addition we discuss a procedure for calculating the infra-red polarizability 
from the basic knowledge of interatomic forces. We report here the computed 
values of the effective charge on the basis of the first relation of Szigeti (1949) 
and most recent data of dielectric constants and Rcststrahlen frequency. A link 
between the theories of Szigeti (1949, 60) and Mott and Gurney (1948) is estab- 
lished by identifying the effective charge in the former theory with the factor y 
which determines the degree to which the neighbouring ions overlap in the latter 
theory. This has enabled the computation of the low frequency dielectric constant 
Cq through the use of the first relation of Sziegoti. 


^Present address : Thermophysioal Properties Research Center, Purdue University, 
Lafayette, Indiana, U.S,A. 
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CALCULATION OF ATOMIC POLARIZABILITY 
The familiar relation between the dielectric constant e^, and the polarizability 

a, is 


€„— 1 _ 47r<X 
eo+^ 3 


- ( 1 ) 


Further if the crystal docs not possess permanent dipole moment, a is composed 
of the infrared polarizability a^, and the ultraviolet polarizability a„, the latter 
being known from the Drude’s relation. We have then the well-known Clausius- 
Mossotti equation, 


Cq-I ^ Cgp-l 

eo+2 ” 


( 2 ) 


in which e,, is the high frequency dielectric constant. 

For rigid non-overlapping ions is related with the force constant A , Dekker 
(1962), 


Here N is the number of ions per unit cell, e the electronic charge and A is given 
by. Born and Huang (1956), 

^ = f , (4) 

M being the coordination number and the equilibrium inter-ionic separation. 
Furthr wo (1966) suggested that an appropriate form for v{r)is, 


v(r) = ae-*-/''-|j-i. ... (5) 

Hero a and p are the potential parameters, c and d the Van der Waals constants 
and r the interatomic separation. 

We have now two ways of calculating One from Eqn. (2) with the know- 
ledge of €q and 6^0, and another from Eqs. (3) to (5). The two sets of computed 
values are given in table I in columns 2 and 3. The values of and €« are of 
Mott and Qumey (1948) and the details of the calculation of A are given by us 
(1966) earlier. The two sets of a values are in approximate agreement with each 
other and should be regarded as reasonable in view of the crude model and approxi- 
mate nature of the theories. 
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TABLE I 

The values of y and s for alkali halide crystals 


Crystal 

at (10-a 

4cm3) 


y 



Eq. (2) 

Eq. (3) 

Eq. (6) 


Eq. (8) 


LiF 

1.96 

3.67 

0.74 


— 

0.83 

LiCl 

3.26 

4.61 

0.68 


0.64 

0.74 

LiBr 

3.60 

6.11 

0.70 


0.81 

0.67 

Lil 

3.70 

6.92 

0.67 


0.60 

0.64 

NaF 

3.07 

3.74 

0.70 


— 

0.93 

NaCl 

3.35 

4.77 

0.70 


0.37 

0.74 

NaBr 

3.60 

6.78 

0.70 


0.34 

0.69 

Nal 

4.26 

6.48 

0.69 


— 

0.71 

KJ'’ 

3.66 

4.60 

0.74 



0.91 

KCl 

4.13 

6.34 

0.71 


— 

0.80 

KBr 

4.29 

6.74 

0.69 


0.26 

0.76 

KI 

4.37 

8.11 

0.70 


0.16 

0.69 

KbF 

4.09 

4.88 

0.71 


0.61 

0.97 

KbCl 

4.90 

6.52 

0.71 


0.37 

0.84 

RbBr 

6.16 

7.16 

0.69 


0.47 

0.82 

Rbl 

6.19 

8.08 

0.70 


0.40 

0.79 

CsF 

~ 

6.2.3 

0.70 


— 

— 

CsCl 

6.46 

6.99 

0.72 


0.68 

0.84 

CsBr 

6.21 

8.66 

0.77 


0.32 

0.79 

Csl 

4.66 

8.73 

0.70 


0.26 

0.91 

OTT AND GUKNEY THEORY 

O 

F D I E 

L E C T K I 


CONSTANT 

Mott and Gurney (1948) proposed that as a consequence of the overlap in the 
adjacent ions there is a reduction in the electric field due to polarization by a 
multiplicative factor y. We (1966) have shown that 

... ( 6 ) 

The computed values of y for the twenty alkali halides are given in oolnmn 4 of 
Table I. 
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Mott and Gumey (1948) have given the following relation for the low frequency 
dielectric constant. 


3+(eo--l)r 


4mN . , . 327r2„, 

~a- (“i+a2)- "cT^ 


47r 


16 


1— y)+ -g- 7r®iV*aia2(l 


4t7T 

-+■ ' 

~ 4:7T 

-yr 1 - ^5(1- 


■r) 


... (7) 

Here and are the polarizabilities of the two ions and S — Ne^jA . An alter- 
native form of this equation is 

in ^ 

?0~1_ _ ^e» j 3 

3+(eo-l)r 3+(e,.-l)yrj_47r^^j_^^ ‘ 

3 

Equation (8) is utilized to compute y with the known experimental values of 
Cj and e„ and of S from Eq. (4). These values arc recorded in column 5 of Table I. 
It is to be noted that this again tends to establish that Mott and Gurney theory 
of dielectric constant is inadequate to represent the facts. 

Mott and Gumey (1948) also gave the following relation for the high frequency 
dielectric constant e* : 


•a»-l ^ ■y(«i+«2) -8/3 nmccja^i^-y) 

4:71 in 16 

1— g N{ai+a2)+ 9 7rW*aia2(l— y*) 

In the earlier work we (1966) reported values for all except Caesium halides. 
We have now calculated e* for these four halides employing the y values as given 
by the relation of Eq. (6). These values also, like the remaining sixteen, are 
in good agreement with the experimental data. The average absolute deviation 
is 1.5 percent. 

Wo now report the three sets of computed values in Table II which supersede 
the earlier ones, Kachhava and Saxena (1966). In all calculations y as obtained 
from Eq. (6) is used, while in the last it is identified with the effective charges as 
explained later. The other details are as given earlier by us (1966). We find 
that the relation of Eq. (7) is poor and inferior to that included in Eq. (8). We 
also notice that when y is put equal to » the situation docs not improve. All this 
simply confirms that the basic formulation is at fault. 

SZIQETI THEORY OF DIELECTRIC CONSTANT 

Szigeti (1949, 60) attempted to improve the Bom’s wellknown relation for 
obtained on the assumption of non-deformable and non-overlapping ions, viz. 




-e«. 


inNz^c^. 


( 10 ) 
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TABLE II 


Tho low frequency dielectric constant 6^, of alkali halide 
crystals 


Crystal 



Calculated 


Experimontal 

Eq. (7) 

Eq. (8) 

y of Eq. (6) y = « 

LiF 

9.27 

— 

' 

— 

LiCl 

11.05 

21.5 

13.9 

15.1 

LiBr 

12.1 

21.3 

14.6 

14.0 

Lil 

11.03 

21.0 

14.2 

11.2 

NaF 

6.0 

10.8 

10.6 

13.8 

NaCl 

5.62 

8.75 

7.05 

7.29 

NiiBr 

5.99 

10. 1 

8.73 

8.50 

Nal 

6.60 

10.1 

8.03 

8.27 

KF 

6.05 

8.30 

8.65 

5.43 

KOI 

4.68 

6.72 

U.26 

6.72 

KBr 

4.78 

6.30 

6.20 

6.47 

KI 

4.94 

7.48 

7.13 

7.04 

KbF 

5.91 

6.10 

6.29 

7.45 

RbCl 

5.0 

5.79 

5.67 

6.19 

RbBr 

5.0 

5.78 

5.76 

6.31 

KbI 

5.0 

6.15 

6.00 

6.39 

CsF 

— 

5.67 

11.4 

— 

CkCI 

7.20 

7.52 

7.49 

8.46 

CsBr 

6.51 

7.49 

10.2 

10.3 

Csl 

5.65 

8.12 

8.19 

7.85 


Here Z is the valency of the ions and fi the reduced mass of the two ions. He 
included tho effect of the presence of other ions in the lattice and the fact that they 
overlap and cause deformation. He concludes that the net effect is that the dipole 

moment is reduced by a factor a and the Bom’s Eq. (10) assmnes the following 
form as the first Szigeti’s relation. 


\ 3 / ' 


... ( 11 ) 
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Szigeti (1949) calculated the e values for the different crystals from Eq. (11) itself 
employing the experimental Ccs and values. Wc have repeated these cal- 
culations for all the alkali halides in conjunction with the most upto date experi- 
mental information. These are listed in column 6 of Table I. 

Szigeti (1949, 50) has shown that there are several factors which control 
the magnitude of s, Hanlon and Lawson (1959) have however shown that the 
major contribution to s comes from overlap. Thus wc find that the actual ionic 
charge Ze gets changed to sZe, an affective value, due to the interaction of the 
neighbouring ions. Further s is the measure of the reduction of the dipole moment 
and hence of polarization and consequently it also can be regarded as directly 
controlling the effective field which is due ifo polarization. It is now interesting 


TABLE tll 

The values of Wq, y? and Cq fbr alkali halide crystals 


Crystal 


poxptl 

pcalo 

Eq. (12) 

pcalR 

Co 

Eq.( 1 1 ) with 

pexjjtl 

LiF 

5.73 

1.49 

1.65 

1.04 

7.83 

Liol 

3.84 

3.36 

3.69 

I.IO 

10.7 

LiBr 

3.26 

4.20 

4.96 

1.18 

13.8 

Lil 

2.71 

5.83 

4.33 

0.74 

16.0 

NaF 

4.63 

2.16 

1.96 

0.91 

4.18 

NaCl 

3.09 

4.17 

4.68 

1.12 

6.13 

NaBr 

2.64 

5.02 

5.17 

1.03 

6.98 

Nal 

2.20 

6.64 

6.72 

1.01 

6.40 

KF 

3.62 

3.28 

2.98 

0.91 

4.36 

KCl 

2.71 

6.73 

5.04 

0.88 

4.31 

KBr 

2.18 

6.76 

5.97 

0.88 

4.36 

KJ 

1.94 

8.55 

7.33 

0.86 

5.05 

RbF 

3.01 

3.81 

4.37 

1.16 

4.45 

RbCl 

2.24 

6.40 

6.73 

0.89 

3.76 

RbBr 

1.69 

7.69 

7.05 

0.92 

4.22 

Rbl 

1.41 

9.48 

8.68 

0.82 

4.66 

OsF 

2.39 

4.26 

— 

— 

6.36 

CsCl 

1.86 

6.66 

6.12 

0.92 

6.06 

CaBr 

1.39 

6.28 

7.65 

1.20 

6.36 

Csl 

1.17 

7.83 

8,06 

1.03 

6.47 


8 
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to recall that Mott and Gurney introduced the factor y to take into account a 
similar effect, y and s should therefore be identifiable with each other. This 
conclusion immediately provides a very pleasant correlating link between the two 
theories. This conclusion is indeed upheld by the records of columns 4 and 0 
of Tabic I and many calculations of the properties described in this paper. 

It is important to note that the s values vary between 0.70 to 0.95. The great 
success of the Born-Mayor theory of ionic crystals demands that 8 should not depart 
from unity by more than a couple of percent. Hero we find the departure to 
be rather pronounced. In fact even Szigeti was quite alive to this trend and he 
has tried to explain it rather in detail. In passing we may however note as pointed 
out by Born and Haung (1956) that this anamoly is a consequence of simplify, 
ing in a crude fashion the physical picture involved in the phenomenon. 

il ELATION BETWEEN COMPRESSIBILITY, 

Co A N 1) <00 

Szigeti (1950) in the further development of his theory derived a relation 
between compressibility Cq and which is now commonly known as his second 
relation. It is 


1 


V (eo+2) 
3« (eegH-2) 


/KtPo®. 


( 12 ) 


In parallel with Szigeti’s original approach we recalculate using the recent data. 
The Wft values in particular are recorded in Tabic III column 2. The /? values 
so obtained arc listed in column 4 of this very Table. These should be compan'd 
with the experimental isothei mal fi values also recorded in this very Ttablc in 
column 3. To make this comparison explicit w’e quote in column 5 the ratio/? 
calc/y9 oxpt. It will be seen that though in a few cases the disagreement is 
pronounced, yet on the whole the facts are well reproduced. This study pro 
vides a quantitative assessment of the success of Szigeti’s theory and must he 
regarded as fairly en- courating. 


CALCULATION OFe# 

Wo again put a test to the Szigeti’s theory on the basis of first relation, Eq. 
(11). The approach is unconventional in asmuch as it uses the suggestion deve- 
loped in this jjaper of equating s with y. Under this limitation the computation 
of Cq from Eq. (11) is straightforward when for all the other quantities we employ 
the experimental information. These values are recorded in column 6 of Table 
III. The deviations between the computed and experimental values are given in 
column 7. The agreement is certainly very encouraging when one notes that the 
average absolute deviation is only 10.2 percent for all the alkali halide crystals. 
This also provides an indirect proof for ascertaining the « values through y and their 
complete equality. 
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CONCLUSIONS 

We thus find that amongst the classical theories of dielectric constant Mott 
and Gurney theory fails to reproduce the experimental information, while that 
Szigety theory is successful to a large extent. Those detailed calculations performed 
for all the twenty alkali halide crystals and with the use of the latest 
experimental data provide the necessary background against which the more 
recent theories can be assessed. Wc do not mention any such details here but 
plan to report them in a separate article. 'Ifhese detailed and elaborate caleula- 
tions, Kachhava (1966), simply tend to improiv^e our faith in the Szigeti’a theory to 
approximately understand the dielectric phenomenon inasmuch as the new values 
differ in general by a nominal amount and one further finds that these sophisticated 
calculations cannot be easily extended to all; alkali halide crystals. 
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ABSTRACT. The eleotriual oenductivities of number of stannic oxide polyorystalline 
bars prepared from Nigerian oassiterito powder were measured in the temperature range 25“(,! 
to 650°C. Tho activation energy obtained in the high temperature range for three samples 
studied are 0,42, 0.48, 0.60 eV as against tho activation energy of 0.72 eV obtained by iCohnke 
(1962) in the same temperature range for crystals of Bolivian cassiterite. For thin films of 
stannic oxide, Niloslavskii ( lO.'iO) calculates an activation energy of 0.12 eV in the same tem- 
perature range. 

introduction 

Cassiterite which is an important mineral of tin has stannic oxide, Sn02. 
as its main constituent, crystallises in the tetragonal rutile structure and is 
strongly resistant to chemical reagents and heat treatment in air or oxygen. It 
belongs to the structural space group P4/ram having two molecules per unit cell. 

Earlier work on stannic oxide has been essentially limited to thin films and 
coatings (Bauer 1937, Aitchison 1964, Fischer 1964, Ishiguro et al. 1968), and 
powder samples (leblanc et al., 1931; Guillery 1932, Foex 1944). Tho limitations 
inherent in these measurements due to grain boundaries, inhomogeneities and 
large surface-to-bulk ratio can be reduced by using poly crystalline solids or 
single crystals as study specimens. The only investigations reported in this di- 
rection are by Kohnke (1952) on three specimens from crystals of natural Bolivian 
cassiterite, studied in the temperature range 100°C to 600°C and by Lock (1963) 
on polycrystalline bars of stannic oxide, undoped and doped with antimony, in 
the temperature range lOO^C to 900°C. 

The object of the present communication is to give a preliminary report of 
conductivity measurements on polycrystalline bars of Nigerian cassiterite. 

experimental 


(a) Preparation of samples 

Polycrystalline solid rods were prepared from cassiterite powder by sintering 
at about 800®C in air. Rectangular slabs were sliced firom the rod and ground to 
plane faces with fine emery powder. In the case of extended contacts, two opposite 
faces were copper plated. To test for rectification, one slab was prepared with 
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extended contact on one face, and a sharp point contact was maintained at the 
opposite face. 

The sample holder used was made of porcelein base provided with brass elec- 
trodes, a modified form of the one used by Dutta (1963). 

(b) Electrical measurements 

Current voltage measurements up to 1.5 volts was made by potentiometer 
and above it by ammeter and voltmeter. Temperature variation was provided by 
an electrical furnace. Measurements wei^ made both for forward and reverse 
currents in the temperature range 26°C to 660''C. Chromel Alumel thermocouple 
was used for measuring temperature. 

RE SULTS 

The results of measurements are shown in Table I and II and graphs 
(figs. 1, 2, 3 and 4). 



Volts, 

Fig, 1. Curtent-Voltago oharaoteristio with 
esetended contact at both ends. 



Fig. 2. Current-Voltage oharaoteristio 
with extended contact at one 
end and point contact at the 
other. 



•log 10 
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TABLE I 


Samplo 

Donsity 

gru/oin^ 

Oonduoiivity at 

Dim 0118 i oil roo m torn pera turo 

cm ohm 

-Sfi 

6.180 

2.154x0.711 XO. 52 

0.21C 


5.26 

I.OOOXO.. 395x0. 210 

0.217 

S, 

4.861 

1.924K0. 489x0. .349 

0.017 


TABEE II 

The values of ' TTi and 


Samjile 

Wi®V 

Wa oV 

Si 

0.17 

0.42 

S, 

0.17 

0.48 

Sb 

0.19 

0.50 


DISCUSSION 

It is observed that both for extended as well as point contact, the current 
voltage characteristics are nonlinear and symmetrical. The non-ohmic nature 
increases with temperatures. No rectification occurs for point contact. 

The electrical conductivity was calculated from the ohmic portion of the 
current voltage characteristics for low values of current and voltage. 

The temperature variation conductivity plotted as logipcr versus the inverse 
of temperature T'K shows two distinct linear portions, each of which can be 
fitted by a relation <t = A exp (—Wj'tkT) where the symbols have their usual 
significances. The values of activation energy W calculated for the specimens are 
listed in Table II. Wi and Ifj refer to lower and higher temperature ranges 
of the curves. 

Conductivity values of Kohnke (1952) at room temperature lie in the range 
10-® to 10-® ohm -i cm-^ whereas those of Lock (1963) lie in the range 10-^ to 10* 
ohm~^ cm~^ for doped specimen and is 10~* for the undoped. ICohnke (1962) 
obtained 0.72 eV activation energy from the linear portion in the high temporatuje 
region for all three samples. No corresponding information is available from 
Locks’s paper. Miloslavskii (1959) calculates an activation energy of 0.12 eV 
for thin filmn of stannic oxide in the same temperature range. These differences 
in the values of the conductivities and activation energies are due to differences 
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in the origin, nature and previous history of the specimens used by different 
investigators. 
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{Reoeived May 30, 1966 ; Resubni^d February 2, 1967) 

ABSTRACT. Tho bulk magnotisation vectora,'^€xoit 0 d by an acoustic pulse at magnetic 
1 (‘asonanoo has been calculated in a cubic crystal, wlij|ere each lattice site is assiuned to be occu- 
pied by a nucleus of spin 1 (one). The Hamiltoniai| has been oast in a general form, for any 

i 

interaction of the form (/. D./), and calculation ha| been done by setting up the Kabi-Blooh 
matrices, and neglecting, for simplicity, the spin-spid interactions. It is found that with a longi- 
tudinal excitation in one of tho cubic axes, the tranaverso components of tho average macros- 
(!()pic moment vectors < Mx > av and < My > at,, are practically zero, being contributed by 
nuclei located at thin layers (of width equal to half wavelength of the acoustic waves) at tho 
two ends of the sample. The results are identical with those of Kessol (Kessel, 1962) who 
analysed the above situation by a first order time-dependent perturbation method. 

INTRODUCTION 


The absorption of acoustic energy at magnetic reasonance in solids, when 
the reasonance is excited by an impressed acoustic field [Kastler (1962), Altshulen 
(19»66), Jacobsen and Stevens (1963)J, has been demonstrated both in pulsed 
[Jacobsen, Shiren and Tucker (1969), Tucker (1961), Shiren (1962), and Guermeur, 
Joffrin, Levelut and Penne (1964)] and CW [Proctor and TantiUa (1966), Proctor 
and Robinson (1956), Menes an..Bolef (1958), Bolef and Menes (1959), and Bolcf, 
dc Klerk and Gosser (1962)] experiments. In such experiments one particular 
lattice mode is strongly excited, and the energy in tha lattice mode is transmitted 
to the spin system via the spin-phonon interaction. There must bo some relaxa- 
tion mechanism (other than tho so-called direct process) that will maintain the 
Boltzman population excess in tho spin system. And since the excitation is strong, 
effectively equalising the upward and the downward transition probabilities of 
a spin, there will be a not absorption of energy from the excited lattice mode. 
The amount of the absorption is a measure of the direct spin-phonon interdiction 
that couples the particular lattice mode with the magnetic spin system. This 
fact, together with the absence of “penetration depth” effect in metals leads to 
several interesting possibilities that can be explored by acoustic magnetic reso- 
nance experiments. Already, quite a few experiments have been done yielding 
important results [Bolef and Monos (1981), Shiren (1962), and Guermeur, Joffrin, 
Levelut and Petoe (1966)] 
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However, there has not been any induction experiment in this field, so far. 
The possibility of such an expeirment, using pulse technique, was analysed by 
Kessel (X962) a few years back. Although the method used in the ana- 
lysis is sufficient for tackling the situation with simplif 3 dng assumptions, i.c. 
the neglect of spin-spin interaction, it is felt that a density matrix treatment of 
the phenomenon will be more convenient in more general causes*. We describe 
such a treatment which is similar to Lowe and Norberg’s (1967) analysis of 
free induction in olectromagnetically excited NMR. In our analysis wo shall 
consider a cubic crystal, having lattice sites occupied by nuclei of spin 1 (one). 
The spin system will thus be coupled to the excited lattice mode by nuclear 
quadrupole interaction. 

ACOUSTICALLY INDUCED NUCLEAR MAGNETIC 
INDUCTION IN A CUBIC CRYSTAL 

(A) Spin-phonon interaction Hamiltonian in a quadrupolar spin systein 
in an acoustically excited cubic crystal : Let us write the interaction term in 
the form, 


Jf == 


fe(/. D. /) 


( 1 ) 


where I is the nuclear spin vector, and D is a tensor of rank two in three dimension, 
containing the lattice coordinates. In a rectangular coordinate system (X, F, Z), 
where Z is the axis of quantisation of the spin system (that is, the direction of 
the D.C. magnetic field), it will be seen that the tensor, Z>, is symmetric for the 
particular spin-lattice system. Expanding (1), we can thus write : 

+ ... ( 2 ) 

Dropping the terms that couple states with Am = 0, we have ; 

•We may note that the density-matrix method is effictively equivalent to the ordinary 
time -dependent perturbation method, upto oertain degree of approximation. However, 
the former is different from the latter when the actual calculation is concerned. In the timo- 
depondent perturbation metliod, one expands the time-dependent wave function in a complete 
set of time-independent basis functions, and solves for the expansion coefficients Omi "n 
from a set of coupled differential equations. One popular way of doing this is to reduce these 
differential equations to a set of coupled algebraic equations by making use of Laplace Trans- 
forms. In genera], it is difficult to obtain these transforms. However, in density^matrix 
method one avoids this difficulty by calculating the products* (an Om) which are more directly 
useful for calculating expectation values. 
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The components of D are functions of the local strain at the nuclear sites, 
and one can expand D in terms of the strain components in a Taylors series. 
Thus introducing the spin-phonon coupling constant 0, wo can write (in Voigt 
notation) : 


Df =: G^jiC^+higher order tlprms. i, j = 1, 2, 3, 6. 


where 


0,i 


me 


dci 


(4) 


In order to define 0 uniquely, the (4)^iB written in the coordinate system 
(Xo, n, Z 0 ) that coincides with the crys|allographic axes. This also enables 
one to simplify the expansion (4) by using Symmetry arguments. For example, 
in cubic sjrmmetry, we have the expansioli: 


jDxqXo = ^ ( 2exoXo— 




o 


|i- (2620^0 —exoXo —ey^y^), 


Dx^y^ == G^44exoVo 
Dy^ZQ = ®44^2/o^o 
Dz^Zq = G44Ca?o?o 


(5) 


The components of D, used in the Hamiltonian (3) can then bo obtained by 
using tho following usual transformation relations : 


(PU) 


Dif — £ {diif 

(VM) 


( 6 ) 


where 


(v/i) =- (^o^o)) (j/o 3^o)> (^o^o)’ {^(>yo)>^yo^o)f ®'^d (^o^o)* 
and the coefficients a are given in table I. 

TABLE I 

Transformation coefficients. for two Cartesian coordinate 

systems, i and v, having the same origin and their mutual orienta- 
tion being specified by the Eulerian angles 0, ^ and 


\ 

i 

v 

Vo 

20 

X 

cos ^ cos ^ oos ^+8in sin ^ 

COB ^ sin 0 oos 0 — sin %lf oos ^ 

OOB ir sin & 

y 

sin cos ^ oos ^—ooa sin ^ 

sin sin tp cos 0-f"Oes ^ oos p 

sin ^ sin d 


-ooB ^ sin ^ 


— sin 0 sin 0 


cos 0 
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Wo will now consider a special case. Let us assume that a longittudinal 
acoustic wave of circular frequency o> has been impressed in the crystal with the 
propagation vector in the crystallographic (001) direction. We also assume that 
the laboratory F-diroction and the crystal (010) directions coincide, and the crystal 

has been rotated about the F-axis such that the propagation vector k (still in the 
crystal (001) direction) makes an angle 6 with the D.C. magnetic field, ie. the Z- 
direction. This longitudinal wave will generate a standing wave pattern, and an 
axially symmetric strain field (time-dependent) in the crystal, the axis of symmetry 

being in the direction of k- Lot us also choose the laboratory X— axis such that 

it coincides with the projection of K on the X— Y plane. In such a case, we see 
that the only strain component is ezge^, where the direction Zq is the crystal (001 ) 
and thus from (5), we get : 

DzqZo = 


DxaXo = DyaVo — — CVo ••• C^) 

Dx^y^i = D2/o*o = 0 

Transforming (7) into the (XFZ) system (using (6), and the table I, with ^ — 

= 0 ), 


I>tt= ^iezo«o(3cos»d-l), 


~ (^iiBeaZn sin 0 COS 0 




0 


*3- ezgZf, (3 sin® d— 1), 


D„z = 0 





C*o«o 


The Hamiltonian (3) then becomes : 


( 8 ) 


H' = — sin* ^11 ®*o*o(^«/»+'Vai) fl™ 2^ j ••• (®) 

The above formulation holds for any interaction of the form (1). Nuclear 
quadrupolar interaction is also of this form and the Hamiltonian (9) is applioalbe 
to this case. The constants 0^^ etc. in (9) can he meftsored by suitable experi* 
ments, 



467 


Acoustic free Induction in a QuadrupolaTf etc. 


However, to obtain the theoretical expression for O^, one has to consider 
the particular interaction, in this case nuclear quadrupolar interaction, explicitly. 
Writing 

-»• -> 


where Q is the nuclear quadrupole momei^ tensor, and the electric field gra- 
dient tensor at the nuclear site, one obtai^ in this special case. 


where 


and 




A— 

27(27-1) 


... ( 10 ) 


= S 6/(3 co$* 6j — 1)//“® 
5 


Q is the scalar quadrupole moment of the nucleus, and ‘eq’ is the axial electric 
field gradient with the symmetry axis along the So-axis. In the definition of 

‘eq’, j refers to the jth. charge-point external to the nucleus, and"?/ is the vector 
joining this charge-point with the origin (the center of the nucleus), and Oj 

is the angle between f/ and the symmetry axis. 

(b) Total Hamiltonian for the spin-lattice system : The total Hamil- 
tonian can thus be written as 

H = HoH-TfiH-Ha+HXO ... (11) 

Uq is the Zeeman Hamiltoiuan for the spin system, 77i describes the magnetic 
dipole interaction between the spins, and stands for all other terms in the total 
Hamiltonian for the statistic spinlattice system. II' (t) is given by the expression 
(9). If. we neglect those parts of and that couples states with Ato ^ 0, 
we are left with the following Hamiltonian : 


H = ... ( 12 ) 

where 

Ho = — ftS o)o7*„ 
n 

and 

H'{t) = -ftS[2a>„‘»>(7*,7*,+7*„ 7*.)-f a)„«>(7*+„+7®-„)] cos 

n 

with 

<i>, = yHo 

oij(i) ss I ez^o{0) sin 2$ 

— I G'u6*o«,( 0) sin 


... ( 13 ) 
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It has been assumed that c*o*o = e*o*o(0) oos and y is the gyromagnetio ratio 
for the nucleus. We shall be concerned with the cases where H\t) can be treated 
as a small perturbation. 

(C) Rabi-Bloch matrices for the system : The Schrodinger equation 
is : 


... (14) 

If we write i/r{t) = exp ^ j the equation (14) transforms into 

exp ^(0) j H'(t) exp ( — | H(0)) rH) = (15) 

We now assume that the acoustic wave is impressed only for a duration in the 
form of a square pulse of earner frequency m, and that is sufficiently small so 
that those terms in Hi and which do not commute with H'(t) or H{0) 
have expectation values much less than 1 when multiplied by talfi. Their effect 
upon H'(t) may then be ignored. Thus retaining only the terms Hq in H(0) the 
equation (16) is approximated as : 

exp (-i<o„«S /*„)H'(f) exp (iW(/S I- f '(0- ••• (15) 

n » 

Using the transformation properties of the spin operators under the rotation about 
the Z-axis, the equation (16) reduces to 

iL{t) nt) = m ... ( 17 ) 


where 


Lit) = S [2a)„‘»{(Ix,J«„+/z«I*„) coBo«of+(Ij/»I*»+/^»l!;») ain «ot> 


+2w«‘*’{(/*i.*— /y«*) cos siii 2<a^y] cos oi ... (18) 

The solution of (17) is 


fitj ^ exp I < J Lit)dt )iJr'(0) 


f #• 


(19) 
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which reduces to (neglecting smaU terms containing t„), 
i/r{ta) = Rw=tao^{0), when w = Uq 

and ^(ta) = Ru=2<i,of(0), when w = 2 t 0 u (20) 

where 

= exp(t0, S exi||t S d^„(LjJx„+IzJx„) j 

1*) 

Ro» = 2ao = exp ^ 101 S Iz„ j ^xp I i S 0.<„(/x„*— / 2 /„®) I 

! 

01 = oi^, 02 == 0)<*><^and 0^ =Cl><®>^o,. ... (21) 

In a representation in which is diagonal, the matrices i?co-^Mo -Rw--2oo 

have been evaluated. The results for spm 7=1 are given in tables II and III. 

(D) Computation of < <^ff>av <^^>av • We know that if wo 

assume that the solution of the time-dependent Schrodinger equation : 



If “ ■^n(0l^'n(0 


is of the form 

then 

ir„(t) = R„(t) vJr„(0) 

<7x„> = J M0)R„m)IxMt) ir„{0)dT 

(22) 

Expanding 

lir„(0)= Zap,{0)^P« 

P 


we have 

<Ixn> = Trace {p„(0)R„+{t)Ix„R„{t)} 

(23) 

where 

<«9«IPn(0)|wj’i.> =ai>»*(0) a5f„(0) 

... (24) 


For a system of N spins, if we neglect the mutual interactions between the spins, 
we obtain 


^ 1,2,..N 


Trace I (yg»t)-fin^y^(*-^*>»H~i7y„)-|-fc/gB)-l^n \ / 26 ) 

I Trace {exp(t/s;„)} J 


where exp (C7i(i„)/Traoe {exp (£7*,)} has been taken as equal to p„(0). C = 
BfJkT, T being the temp^ature of the sample and k, the Boltzman factor. The spin 
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system is here assumed to be at thermal equilibrium before the application of the 
acoustic pulse. 

We the B matrices as given in tables II and III, and using the expression 
(25) we get the following expressions for the induced bulk nuclear magnetisation 
at the end of the acoustic pulse. 


TABLE II 

The matrix, for spin / = 1, in a representation in which 

is diagonal. The elements are <^\K\p>, and £^^2 s the sign 
of the angle 6^. 


\ ^ 
\ 

1 

0 

-1 

1 

exp(i0i)(14-cos 62)12 

Sg 62 {i exp {iOi) sin 62 )! 

exp(i0i)(l— cos 62)12 

0 

Sff02(i sin ^ 2 )/ V2 

cos 62 

Sg 62 {‘-i sin 

-1 

exp(i^i)(l— cos 62)12 

Sg oxp(— sin 62)l\^2 

exp(— 40 i)(1H-co8 62)12 


TABLE m 

The matrix -f = 1> in a representation in which 

Z* is diagonal. The elements are <g|2?|p>, and ^ the sign 
of the angle 9^. 



1 

0 

— 1 

1 

exp(4^i) cos ^3 

0 

Sg ^3(4 exp(4^i) sin 0 ^) 

0 

0 

1 

0 

— 1 

Sg exp(— 4 sin ^3) 

0 

exp(— 4^1) COS ^3 
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Acoustic free Induction in a Quadrupotar^ etc. 

Case I. ci> — CO, I 

<M^>av = rft ^ sin 202. 


1+2 cosh^ 

<My>a, = yfe cos ^ ^ sin 202„ 


n 

1,2,..,N 




sinh g 
1+2 cosh 


1 , 2... 4 


(26) 


Case II. 


O == 26>0 
'*^^cc'^av ^ 


= 0 


(tv — 


1,2..., N 

2 sinh g ^ 
1+2 cosii ^ 


cos 203„ 


(27) 


After the withdrawal of the pulse, the time-dependence of <Mg^>av and 
<if/y>„^will be given as usual by the Fourier transform of the steady NMR 
line shape. 

Refering to (26), and from the definitions of 02 as given in (21) and (13), we 
sec that 

S 8y(d2,) sin 202„ = S-S,{o .e< »>zo*o(0)} sin c<»>*o*o(0) | , ... (28) 

where 

a = {f ©11 sin 2d)tu, . 

®*”’ 2 o*o( 0 ), for a standing wave pattern where end surfaces of the sample are 
at antinodes, may be written as 

e<«‘*o*o(0) == 2KA^ sin KZ„. 

and hence we see from (28) that the main contribution to the summation will 
come from the two layers at the ends of the sample, layers having a thickness 
“i” given by 

W = jr/2 OT I = A/4. 

As an example, for experiment at lOmc/s, l'3?10~*cm. and an insignificantly 
small number of nuclei are taking effective part in contributing to <M„>av 
and 
10 
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light scattering behaviour of acacia catechuic 

ACID IN COURSE OF ITS NEUTRALISATION WITH 
SODIUM HYDROXIDE 

J. N. CHAKRAVORTY 

Bama Kbishna Mission Bksidbntiai. College, NABENORAPun. 

(Iteceived April 12, 1067) 

An weighed quantity of Acacia Catechuic Acid (ACA) was taken in a 50 ml 
casia flask and dissolved in a little quantity of distilled water and requisite 
amounts of NaOH solution was added so as to neutralise it to different extent 
as desired. The volume was made upto 50 c.c. after further addition of distilled 
water. Tlie flask was kept in a refrigerator at 4°C and the liquid was allowed 
to settle for about 24 hours. The liquid was finally examined with th(' Brice 
I’lioonix Light Scattering Photometer after repeating the entire process of 
clarification etc. as mentioned earlier (Chakravorty 1966). The experiments 



C(gmlmjxl .*)-* 

(X = 100% Oa = 80% = 70% 

□a = 60% half solid Oa = 40% Aa = 20% 

Xa = 10% 

Fig. 1. Variation of dissymmetry with concentration at different degrees 

of neutralisation (a), 
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were performed with ACA solutions at different degrees of neutralisation and 
the results have been graphically represented in figs. 1 and 2. 

t 370 

n 

.S 360 

I 

I 350 J 

1 340 \ 

s 

"B 330 

iS 320 

0 20 40 60 80 100 

% Degree of neutralisation— > 

Pig. 2. Variation of root mean square end to end distance with 
degree of neutralisation. 

Tho fig. 1 represents the variation of dissymmetry {Z) with concentration of 
ACA. There is a slight rise in the dissymmcstry values at a very high dilution 
which may be attributed to high ionisation. The intrinsic dissymmetry values 
were obtained by extrapolating to zero concentration and the corresponding root 
mean square end to end distance of the molecule (Stacey 1958) pertaining to 
the various degrees of neutralisation (a) has been represented in fig. 2. The rms 
end to end distance is 369 m/t and 360m/t at a — 75% and a = 100% rospi^o 
tively as against 327m/i in water (Chakravorty el al, 1963). It appears that the 
rms end to end distance increases with increase in tho degree of neutralisation, 
becomes maximum at about a = 75% and then decreases slightly at a = 100%. 
This behaviour can be explained as follows. With the addition of NaOH, ACA 
is gracually neutralised forming sodium salt which in its turn dissociates and in- 
creases tho effective charge on the polymer thus leading to the gra<lual expansion 
of the polymeric coil. The little contraction observed beyond the point wlicro 
a — 75% appears to bo due to tho reduction of the charge density on the potyion 
owing to the increased rate of binding of counterions. 

It may bo useful to point out here that the dimensional change of the macro- 
molecule has been expressed in terms of rms end to end distance (A^)*. Zimm and 
Stoekmeyer (1949) have shown that the radius of gyration pg can be expressed as 



where <r and represent respectively the number and average length of statistical 
segments, a is a constant, the value of which is equal to unity for linear polymer. 
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Under those conditions, therefore, the rms end to end distance may also be 
regarded as the relative measure of the radius of gyration. 

My grateful thanks aro due to late Prof. S. N. Mukherjec, Ur. M. N. Das and 
Dr. D. K. Chattoraj of Jadavpur University for their keen interest and valuable 
discussions. Thanks are also due to Danforth Foundation, Amtsriea for financial 
assistance. 
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MAGNETIC PROPERTIES OF NATURAL CRYSTALS 

OF HEMATITE 

A. K. MUKERJEE 
Bepaktmknt or Magnetism 
Indian Association foe the Cultivation 
OF Science, Calcutta 32, India. 

(Received June 1, 1967) 

Prom magnetic measurements (N6el et al, 1952; Lin, 1959) Within th(^ tem- 
perature range 4°K to 950°K, of natural crystals of hematite (Elba), the pr(\«ionco 
of weak ferromagnetism and that of a transition in magnetic proporti()S at about 
250°K have been well established. Prom neutron diffraction studies (Shull ei al, 
1951) possibility of such a transition was ascribed to tlio chang(^ of tlie direction 
of the antiferromagnetio axis from that along the trigonal axis to that along the 
basal plane when the temperature is raised. Persistence of weak ferromagnetism 
even below 260®K wliich is contrary to the experimental observations with syn- 
thetic hematite (Guilaud, 1951), has been tliouglit to be due to the presence of 
impurities, dislocations and non-uniformities in the lattices, whicdi are usually 
present in the natural crystals. The magnetic behaviours of samples of hematite 
obtained from different origins are therefore expected to be different owing to the 
difference in the nature of the impurities and defects. But no experimental 
work has yet been reported to verify the suggestion. The study of the magnetic 
properties of a sample obtained from Brazil (PogOg 96.01% (with .6%FcO), SiOg 
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1.7%, Ti02l.9%, MgO .2%, Al^Oa .13%, S .1%, HjO .16%) has therefore been 
undertaken. Measurements along different directions were made with different 
crystals obtained from the same sample and within the range 100°K to 1000°K. 
Results of measurements on a particular crystal are shown in fig. 1. 

It is observed that below 250°K, magnetisation along the plane of fresh sample 
is much larger than that along the axis which is contrary to earlier observations 
(N6el 1952, Lin 1959). Also at these temperatures the susceptibility along the 
axis, unlike earlier observation, is quite comparable to that along the plane. Tlie 
changes in the magnetic properties in the transition region are none too sharp or 
largo as found by earlier observers. Such flattening has also been observed by 
Morin (1960) with synthetic hematite containing 1% Ti as impurity. The heat 




Fig. 1 . Maguotisation (a) and susceptibility (x) at different temperatures of single crystals of 
hematite for fresh and heat treated samples. (1) along the basad plane (2) along the 
trigonal axis. 
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treatment of the samples during first cycle of measurement (in --- 10“®nim) changocl 
the absolute values of the magnetisation and susceptibility, along both the diree- 
tions considerably, nature of temperature variation of these quantities not being 
very much affected, only the changes near the transition region becoming 
flatter. The susceptibility at the N6el temperature and the N6el temperature 
itself however remain nearly the same as c^arlier observed i.e. 20x 10~® C.U.S., 
e.m.u and 966 ± 6°K respectively and ar« not affected by heat treatment. 

Crystalline defects to which all these observations may bo ascribed arc^ j>re- 
suniably in the form of dislocations or sub^itutions in the sublattices rather than 
in the form of any ferromagnetic impurity such as magnetite etc., in which case 
there ought to have been a sharp discontinihity in the temperature variation of tlie 
magnetisation curve at the Curie temperaiiirc of the impurity. 

Further investigations to explain the above observations in view of its 
structural and chemical aspects is in progress. 
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MICROWAVE SPECTRA OF ETHYLAMINE MOLECULE 

D. K. GHOSH. A. CHATTERJEE and A. K. SAHA 

Saha Institute of Nuolbab Physios, Calcutta 
(Received April 10, 1967) 

The ethylamine molecule is an asymmetric rotor. Exhaustive thermody- 
namic and infrared studies have not been made on this molecule. Some microwave 
absorption lines of ethylamine were observed by Matricon and Bonnet (1964). 
We have remeasured these lines and have extended the range of investigation. 

The frequency range covered is 18.6 KMc/S to 26.0 KMc/S. Raytheon 
2K 33B Klystron was used. In the region 20.6 KMc/S— 21, 6K Mc/S the klys- 
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tron presented a dead zone. The stark cell is an ordinary X«band wave guide 
section, about 8 ft. long. A variable amplitude square wave stark modulation 
at 100 Kc/s was used. The microwave power emerging from the cell was detec- 
ted by a IN2(> crystal. The frequencies of the absorption lines were measured 
accurately by beating the Klystron frequency with standard markers in a IN2() 
mixer crystal. Standard frequency at 100 kc/s was obtained from a primary 
frequency standard (General Radio AP 1100). More than sixty lines and their 


TABLE 1 

Observed lines of Ethylamine 


Frequency Stark cfFoct Intensity Frequency Stark effect Intensity 


18511.95 

l->2( + ) 

18625.80 

2( + ) 

18655.63 

l-2( + ) 

18666.91 

l-^2(-l-) 

18726.69 

2( + ) 

18772.60 

l->2( + ) 

18866.00 

(?) 

19004.38 

(?) 

19006.32 

(?) 

19166.91 

l->2( + ) 

19187.43 

l->2(4-) 

19254.43 

l-»2{ + ) 

19329.01 

2( + ) 

19343.03 

2( + ) 

19497.10 

l->2( + ) 

19700.86 

2( + ) 

19766.80 

2( + ) 

19826.80 

2( + ) 

19900.56 

l-*2(+) 

20146.73 

2( + ) 

20237.69 

2{ + ) 

20311.52 

2( + ) 

21679.50 

2{+) 

21729.20 

2(+) 

21730.26 

2(+) 

21736.25 

2(+) 

21767.10 

2(+) 

21768.60 

2(+) 

21966.70 

2(+) 

22129.60 

2(+) 

22146.07 

2(+) 

22147.64 

2(+) 


s 

22664.26 

ww 

22588.27 

M 

22603.46 

M 

22618.40 

M 

22624.90 

W 

22626.62 

WW 

22636.76 

MS 

22642.13 

MS 

22708.46 

MS 

22761.49 

S 

22762.32 

MS 

22816.10 

WW 

22816.90 

M 

22909.39 

M 

22976.60 

S 

23196.67 

M 

23264.69 

M 


M 

23369.67 

M 

23676.10 

M 

23928.30 


M 


WW 

24027.49 

M 

24261.88 

M 

24291.00 

W 

24418.40 

W 

24802.64 

W 

24937.96 

M 

25224.51 

S 

26329.98 

MS 

25396.86 

MS 

26662.16 

26977.37 


2( + ) 

s 

2(+) 

WW 

2( + ) 

MS 

2( + ) 

s 

(?) 

WW 

(?) 

ww 

2( + ) 

s 

2( + ) 

s 

2(4) 

M 

2( h) 

M 

2(4-) 

M 

2(-l-) 

ww 

2(4-) 

ww 

2(4-) 

M 

2(4-) 

M 

2(4-) 

MW 

2(4) or 


1-.2(4-) 

S 

2(4-) 

ww 

2(4-) 

ww 

l-.2(4-) or 


2(4-) 

w 

2(4-) 

w 

2(4-) 

w 

2(4-) 

w 

2(4-) 

s 

2(4-) 

MS 

2(4-) 

M 

2(4-) 

W 

2(4-) 

s 

2(4-) 

MS 

2(4-) 

WW 

2(4-) 

s 
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stark effects have been studied. The measured frequencies and intensities as 
well as the nature of their stark effects are listed in Table 1. 

The intensities are termed S, MS, M, W and WW in order of their strengths. 
7’he nature of the stark effects observed on the various lines are : 1) 2(-l-) This 
denotes a second order stark effect, the stark components shifting to the higher 
iioquency side of the line with increasing stark field. 2) l->2(+). This denotes 
lines which show a typical first order behaviour with the application of low stark 
lields and as the field is increased the second order stark effects sets in. 

The presence of large number of absorpiltion lines may be attributed to the 
splitting due to internal rotation in the moh^cule and due to inversion doubling. 
Detailed theo- retical and experimental wori|[ is in progress and will be commu- 
nicated later on with necessary details of thfe experimental set up. 
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PROGRESS IN ELEMENTARY PARTICLE AND COSMIC RAY PHYSICS— Vol. VII, 

1963. Edited by J. G. Wilson and S. A. Southuysen. Contributor ; L. I, Dorman* 

I^iblished by North-Holland Publishing Company, Amsterdam, 

It is a single article by the Russian physicist L. I. Dorman of the Lebedev Physicni 
Institute, Moscow. It contains an exhaustive accounts of general literature on Cosmic my 
investigations covered npto the end of 1960 and publications in Russian upto the end of 1961. 

In this volume, the contributor discusses the results on the primary Cosmic ray variu! 
tions from the meosuromonts of the secondary components over appropriate ranges of latitudcR 
and describes exhaustively on the effects of Cosmic ray measurements of solar injected streams. 
All the established cosmic ray intensity variations are discussed with ample reference to 
published literature, especially during the I.G.Y. In particular, ho has given a diagncHtio 
interpretation of the "‘Forbush decrease” in terms of tho Cosmic ray profie and in relation 
to the solar stream. 

The introduction is followed by a description of the effects of the atmospheric and 
geomagnetic field on primaj*y Cosmic radiation in second and third chapters. Tlio fourth 
chapter deals with the time variations in Cosmic ray intensity and their theoretical iuti p. 
protation in terms of the electromagnetic conditions in interplanetary space. Particles 
with energies between 10® and 10^® e.v. bombard tho solar system with a parciically isotropir* 
intensity constant in time, but tho number of low energy parti(!leB penetrating the weak liddH 
in interplanetary space varies with the 11 -year solar cycle. Tho last two chapters are con- 
comod with the acceleration of Cosmic rays by tho Sun, and possible anisotropies in the flux 
of particles from the galaxy. The last chapter, in particular, discusses the long term varia- 
tion of the Cosmic ray intensity and tho apparent 22 -year variation. 

Not unexpectedly, there is a heavy emphasis throughout this volume on the results 
and achiovoments of tho Soviet investigators. However, a fairly comprehensive list of r(*fcr- 
onces is provided at tho end of tho vohimo. 

Covering such a wide range of topics and spanning several years of invostigatiouK, 
especially over tho past decade, this volume doseivos tho attention of Cosmic ray and Astro- 
physicists in general and other investigators in allied branches of Geophysics and Plasma 
physics. 

S.D.C. 


ELEMENTS OF PHYSICAL CHEMISTRY- by Samuel Glasstone and David Lewis. 

Macmillan & Co. Ltd. (1962), Papermac, Price 258. 

The book is practically a revised version of ‘Elements of Physical Chemistry’ by Glasstone. 
It differs from tho previous one in ordering of chapters, relative emphasis on different I (ipics, 
and new sot of problems and reading references. On tho whole the changes have been fci* 
the good. The language is clear, straightforward and precise, and unnecessary descript i\o 
detads have been avoided. The book will servo as a good text book for Honours luulcr- 
graduatos. 

Tho ordering of chapters, however, is hard to imderstand. Tho philosophy with which 
tho authors have approached the subject has not been made edear. 

I think that elementary deductions of some basic equations of fundamental importance 
(such as Maxwell-Boltzman distribution law, Debye equation for dipole moment, Debye* 
Hutikel Theory of strong electrolytes) display to tho students tho typos of thought that played 
a part in development of Physical Chemistry. These deductions have been omitted in tho 
book. Some elementary non-rigorous deduction could have been given just to enable the 
students to seo how these results were arrived at. 

According to the authors themselves Physical Chemistry is ‘concerned with the ehicida* 
tion or clariffoation of tho principles underlying those transformations of matter known as 
chemical reaction’. This aim, however, could not bo fully achieved in fthe book duo to in- 
adequate discussion on Quantum Theory. An explanation of chemistiy can bo acbiovco 
only from Quantum mechanics, which has been responsible for giving birth to most of iho 
modem ideas in chemistry. Thd historical background and the reasonings by which Plaitfk 
arrived at Quantum Theory could have been indicated, and the application of Sohrbdingei' 
equation to a few simple cases could be discussed (as done by Moore, for example), 
authors have not tried to explain the change of physical properties with change in molecular 
architecture, which is one of the main aims of Physical Chemistry. 

Apart from these minor points, the book is well balanced and well-written and will 
servo its purpose as a text book for Honours xmdergraduates. 

M.C. 
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COSMIC RAY STARS IN PHOTOGRAPHIC EMULSION 

AT HIGH ALTITUDE 

S. R. GANGULY, S. K. MONDAL and S. D. CHATTERJEE 
Depaktaient op Physics, Jabavpuh University, Calcutta-32 
(Receive November 3, 1966) 

ABSTRACT. Ilford Gg photographit^ pktes wero sent in jot planes to an altitude of 
7100 m and stars formed iu tlio emulsion weff investigated. 70.5% of the star.^ are found 
l o bo prodii(!(^d by neutrons; the size distribution of stars formed by c-hargod and neutral 
primaries are ropresent^od in two histograms. > The ratio of a-particles to protons released 
lira star is studied as a fun(‘tion of star size and this ratio is found to be constant at 0-43 for 
stars with 8 or more prongs. Energy distribution of a-pariides from stai-h, as well as tlio 
variation of the number of grciy partiedes with star size are presonted grapliiffdly; moan energy 
of n-partielos is foiuid to be 13.4 Mev and the number of gn^y tracks is seen to increase linearly 
with star size. Tlie size number distribution of all stars has been studied and this seems to 
be reprosonted by two straight linos: N (> /<)*- A (-~().341r/) for ji < 6, and iV{> n) 
B exj) (—0.256 71) for n > 6. The rlist ribution curve is compared with tlieso obtained 
by oilier workers at 3460 m and 21000 m res] km- lively and a stoi^pening of slope with 
decrease of altitude is noted. A method of obiaiidii*^ energy spectrum from the size 
distribution is indicated. 

INTRODUCTION 

The first experimental evidence for the nuclear disintegrations caused by 
covsmic rays in photographic emulsion is due to Blau and Wambacher (1937). 
Tiny obtained pictures of sets of tracks radiating from a common origin, which 
came to be known as ‘‘stars’^ Such a star was caused by the simultaneous 
ejection of st^vcral ionizing particles from a disintegrating nucleus. These stars 
were subsequently investigated with improved typos of emulsions by various 
workers like Perkins (1947, 1950), Lord and Sehein (1949), Yagoda ei (1949), 
George and Jason (1949), Camcrini el ah (1949), Brown ei a/. (1949), Bernardini 
H al. (1950) and Page (1950). 

Most of the previous observations were carried out at mountain altitudes. 
The present experiment w^as however undertaken to study the phenomenon 
of star formation in photographic emulsion at altitudes higher than that of moun- 
tain stations, in order to investigate their size distribution, the relative number 
of charged and neutral primaries among the star producing radiation and also 
some special features regarding the nature of secondaries from stars. 

EXPERIMENTAL DETAILS 

Sealed containers with Ilford 0^ plates, 100/^ thick, were sent up in military 
jet aircrafts flying on short trips at an average altitude of 7100 m, the total ex- 
posure time for each packet at this altitude being about 10 hours. 
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The tracks emanating from the stars were divided into three categories 
according to their grain densities, g : 

(1) ‘Thin*’ tracks, g < 

(2) “Grey'* tracks, <9 < 

(3) “Black” tracks, g > 5gmin> 

where g^ftt^ is the grain density of a relativistic and singly charged particle. 

The grey and black tracks have been classified togt'ther as “licavy” tracks. 
In case of protons, black tracks correspond to par tick's of energy less than about 
40 Mev; grey tracks of energy between 40 and 330 IMt v. and thin tracks of energy 
greater than about 330 Mev, A star size is usually expressed by the number of 
prongs emanating from the star. 

Photomicrograxdis of a few typical stars recorded in the prese nt experiment 
are shown in Fig. 1. 



Fig. ] (ii) A star induced by a neutral particle. Tiio probable direction of 
inci<Ienco of tho primary is indicated roughly by the arrow. 
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1^ ij:^, J(l)) Antiir hi<lu''(><l by h olia.rpO(i partiilo. Tha pal li of the primary 
|>a!*( i«'lo i.-i indii'uto'J by 1 ho arrow. 



!Fig. 1(c) A star induced by a charged particle. The arrow indicates the path of the 

primary particle. 
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RESULTS AND DISCUSSIONS 
A. Nature of the primaries producing stars 

During the exposure, the plates wore kept in a definite orientation with tlie 
emulsion side lying in a vertical plane, the same end of the plate always facing 
upwards. It was thus possible to determine the direction of motion of a partich^ 
during its passage through the emulsion, relative to the vertical. It was observed 
that most of the thin tracks were inclined at small angles to the vertical. It was 
therefore reasonable to assume that most of tlu^ thin tracks “above” (i.c. in the 
upper hemisphere) the stars were duo to initiating particles, whereas the thin 
tracks in the lower hemisphere were due to secondaries. 

A second criterion for distinguishing the primary of a star was obtained from 
the following considerations. The disintegration of a heavy nucleus following 
the collision of a high energy particle proceeds in two separate steps. The fu st 
is the ejection from the nucleus of mesons and of high energy luieloons; the second 
is the “evaporation” of the residual excited nucleus. The first typo of emitted 
particles produces thin tracks which arc well collimated around the initial direction 
of motion of the primary, w'hc'n^as the ev'aporation trades do have almost iso- 
tropic distribution. The primary nucleon will, tlHundbre, li(' on the axis of sym- 
metry of the emitted thin t-racks and on tlu^ other liemisphere of the star. 

Whenever a thin track was obscTved in the upper hemisphere of a star at a 
small angle with the vertical, and/or mon' or It ss in lino wu’th tiu' axis of symmetry 
of the secondary fast particles, then that particular star v as recognised as being 
produced by a charged primary; the absence of siicl) a track would designate th(‘ 
star as being induced by a neutral primary. The primary particles, if charged, 
are mostly protons while the uncharged ones arc usually neutrons. Sornewiiat 
similar discrimination was adopted by Browm et al. (1949) and Page^ (1950) to 
identify the primary of a star. Some of the stars, however, could not be 
recognised with regard to tlujir primaries and they wen? left out of the following 
analysis. 

(i) Relative multiplicity of stars due to charged and uncharged primaries 

Stars were analysed according to whether they were, induced by charged 
or uncharged primaries and it was found that 70.5% of the total number of 
stars recorded had been initiated by neutral particles. 

This may be compared with the relative rate at 3400 m altitude as measured 
by Page (1950) and by Brown et ah (1949). These results are listed in Table I 
together with the results of the present investigation. 

If it is assumed that the cross-section for star production is the same for charged 
(protons) and uncharged (neutrons) primary particles, the above results show that 
at the atmospheric depths considered, neutrons capable of producing stars arc 
more numerous than the protons. 
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TABLE I 


Vercentn^o of Htnrs formo<] by 
Author Altitude - — . 





C^liargorl 

N< Mitral 




primnrioH 

jjriinarios 

1. 

I’ago 

3460 m 

17.0 

S3.0 

o 

J3rown ct aL 


17.4 

S2.0 

3. 

I*r('sniit imlhf)rR 

7100 m 

29.5 

70 5 


Most of the particles responsible for the stars at these d(^ptlis an* of secondary 
origin and their abundance in the atmosphere is d(dorinin(*d hy t heir rate of pro- 
duction and their rate of decay. The rate of production of protons and neutrons 
in air is mostly the same, but while neutrons disappear only by nuclear collisions, 
pi’otons lose energy by ionization also. Therefore a comparatively smaller number 
of j)rotons will be able to reach the lower atniosph(ire from an upper layer where 
they are produced. 

Also, the relative number of protons will bo smaller, with greater atmospheric 
depth of observation. This is illustrated from the rates at different altitudes 
as shown in Table I. 


(ii) Size distribution of stars due to charged and neutral 2 )riniar{es 

The number of stars induced by charged and uncharged primary particles 
as a function of star size are represented by the histograms shown in Fig. 2(a) 
and 2(b). The histograms clearly point out the difference in the size distribution 
in the tAVo cases. In case of stars with few^er prongs, the neutron induced stars 
are much more in number than those induced by protons; whereas in case of larger 
stars both arc about equally 'numerous. The same results were also obtained 
by Page (1950). 




Number of prongs per star, Number of prongs per star. 

(a) (b) 

I'ig* 2. Number of stars as a hmetion of star size, 

(a) Stars induced by charged primaries. (b) Stars induced by neutral primaries. 
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The difference in the frequency of stars formed by neutrons and protons can 
be explained as being due to their varied energy specturm. Compared to the 
neutrons, the protons are subject to an additional energy loss due to ionization. 
This effect becomes an important factor in the absorption of protons when the 
energy is sufficiently low. Thus at low energies there would be consid^^rably 
more neutrons than protons, whereas at high energies, ionization loss is negligible 
and neutrons and protons will be present in comparable numbers. This explains 
why most of the low energy stars are neutron-induced. 

B. Some characteristics of the secondary particles emitted iv a star 

In order to gain information regarding the process involved in the star foi- 
matioii, the measurements of some of the characteristics of the secondary part icles 
were? under taktn. 

(i) Alpha-proton emission ratio 

The low energy secondary particles emitted in a star are l)eli(ived to be due to 
the ‘‘evaporation” process of the highly excited nucleus struck by the incid(‘iit 
particle. The '‘(ivaporation” theory of nuclear disintegration was applied to th(‘ 
low energy particles from stars in photograpliic emulsion by Bagg(' (194(1) iim\ 
by Harding et al, (1949) and was ext(nded fiirtlier by Le Contour (1950), wlio 
calculab^d the energy distribution of (evaporated ])articles and also obtained the 
probability for the emission of difh^rent types of particles in a star as a function 
of the excitation energy of the nucleus. 

One of the conclusions of the evaporation theory that can be easily cheeked 
against tlio experimental results is the ratio of alpha particles to protons among 
the secondaries of a star. The results of m(»asurement of thc'. mean proportion 
of alpha-particles in a star, for stars of different prong numlxTs are shown in Fig. 3. 
For larger values of prong number, particles heavier than alj*ha-partic]es wen^ 
found to be emitted (juite often. This phenomenon was also observed by TNukiiis 
(1950) and these prongs were excluded from the data plotted. 

TABLE IT 

Authrrs alpha to prott^u rut if) 

Porkins (1950) 0.50 

Bomardini et ol, (1950) 0 . 35 

Pago (1950) 0.37 

Present authors 0.43 

It is seen from Fig. 3 that the proportion of alpha-particles in a star decreases 
with increasing star size and for stars with greater than 8 prongs, the decrease is 
80 slow that the ratio B of alpha-particles to the total number of heavy prongs 
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lUiiy b© tfirltcii to 1}© ©/ constant At & vaIu© of It = 0.30, Tfiis dcttum gives for 
alph^’P^irticlcs to proton ratio as 0.43 (taking all the singly charged secondaries 
to be protons). 

The values for the average ratio of alpha-particles to protons emitted in larger 
stars obtained experimentally by different workers are shown in Table II, 
The results of calculations (using parameter ‘d’) of Le Coutcur (1950) on the basis 
of evaporation theory are also plotted in dotted line in Fig. 3 for comparison. It 



2 4 0 8 10 12 14 10 

Number of heavy prongs per star. 

Fig. 3. Katio i)f tho jiunibt^r of alpha ‘partiolcs to tho tolal number of heavy prongs as a 
function of star size. 

The tloUocI curve shows that (calculated by L© Coiiteiir (using his parameter *d’). 

is soon that the calculated value of E is almost constant and equal to 0.2S and 
there is rough agrcenient between the theory and the present experimental results 
for larger stars. 

Thti discrepancy for stars with small prong numbers are due to the stars 
fonnod in light C, O, N nuclei present in the emulsion, while Le Couteur’s calcula- 
tions refer to stars formed in Ag and Br nuclei. From the measurement of stars 
formed in pure gelatine, Perkins (1949) had shown that the aljilia-proton ratio 
was miich higher in stars formed in gelatine than in ordinary emulsion. It was 
also found that light C, N, O nuclei in emulsion contributed appreciably only to 
stars of less than about b to 8 prongs. This is also evident from the clear break 
at about prong number six in the size distribution curve of stars discussed later 
(in section C) in this paper. The above considerations explain the high value of 
alpha/proton ratio in smaller stars. 

(ii) Energy distribution of alpha-particles from stars 

The majority of alpha-particles emitted in stars stopped in emulsion. It 
was therefore possible to determine the distribution in energy of the alpha-j^articlcs 
by range measurement. The number of alpha-particles as a function of energy 
is represented in a histogram in Fig. 4 for stars with 6 or more heavy prongs (upto 
15 prongs, which is the highest measured), only these stars being recognised as 
solely due to Ag and Br nuclei. 

It is seen from Fig. 4 that the most probable energy of the a-particles is about 
10 Mev while the average energy is 13.4 Mev. The general features of the 
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distribution is in agreement to the measurements of other workers viz* Harding 
et al, (1949) and Perkins (1950). 



0 10 20 30 40 50 

Energy in mev. 

Fig. 4. Energy cUatribiition of alpha particles from stars* 

(iii) Proportion of grey tracks 

Grey tracks are mostly due to protons of energy between about 40 Mev to 
330 Mev and carry away most of the energy released in a star process. The 
average number of grey tracks was measured for stars with different number of 
heavy prongs and the results are shown graphically in Fig. 5. In order to rcduc(‘ 



Fig. 5. Average niimbcjr of groy trat;ka m a fuiif’tion of star size. 

statistical errors, the star sizes have been grouped in twos, that is, grey tracks 
corresponding to stars of 3 and 4 prongs have been added together to give a single 
point in the graph, grey tracks from stars of 6 and 6 prongs are added to give the 
second experimental point, and so on. 

It is seen from Fig. 5 that for the stars of 6 or more prongs, the number of grey 
tracks increases linearly with star size. The result is similar to that of Brown 
et al (1949). 

C. Integral size distribution of stars 

The relative rate of occurrence of stars having different number of heavy 
prongs is represented in a semi-logarithmic plot in Fig. 6. In the present experi- 
ment, measurements were made only on stars having three or more prongs. 
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From the figure it is seen that the number {N) of stars decreases almost ex- 
ponentially as the number (ji) of heavy prongs per star increases. The 
experimental points, however, fall on two different straight lines in the semi- 
logarithmic plot, and the distribution can be expressed as : 

i\r(>«) = A exp (—0.341 n) for » < 6 

and N{>n) = B exp (—0.256 n) for n>Q, (1) 

where N{> n) represents the number of stars having more than n heavy prongs, 
and, A and B are constants. 

Page (1950) and George and Jason (1949) also reported similar distribution 
in the number of stars with star size, represented by two straight lines with dif- 
ferent slopes. The clear break at approxi*iately n — 6 arises due to the fact that 
the light nuclei C, N, O in emulsion do not contribute appreciably to stars of 
more than six prongs. This fact had been verified by Perkins (1949) by making 
measurements with alternate layers of pure gelatine and normal emulsion as 
mentioned earlier. Thus the stars with more than six prongs can be recognised 
as ahnost solely due to Ag and Br. nuclei and these stars fall on a separate 
single straight line in Fig. 6. 



Number of heavy prongs [n] per star. 

Fig. 6, Integral size distribution of stars. 

When this size-number distribution found in the present experiment is com- 
pared with those obtained by other workers at different elevations, it is found 
that slope of the distribution curve changes with altitude, being steeper at lower 
elevations. To bring out this altitude variation of the power of the exponential 
distribution curve, integral size distribution of stars at three different elevations 
2 
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has been shown together in Fig. 7. Curve A is taken from that obtained by 
Page (1950) at 3460m, curve B is that of the present experiment (at 7100m) re- 
plotted from Fig. 6 while curve C is computed from the data of Camerini et al 
(1949) obtained at 21000m, the throe (smoothed) curves being normalised at n ===14. 
The decrease in slope with increasing altitude is clearly distinguishable. This 
result may be explained from the fact that the average energy of the star producing 



Number of heavy prongs (n) per star. 

Fig. 7. Comparison of size distribution at different altitudes. 

A — at 3460 m, obtained by Page (1950), 

B — at 7100 m, present experiment, 

C — at 21,000 m, obtained by Camerini et al. (1949). 

radiation increases with elevation so that there are relatively more higher energy 
particles at upper elevation producing comparatively larger number of bigger 
stars. 

The number of heavy prongs in a star is a measure of the energy of the ini- 
tiating primary. The excitation energy of the evaporating Ag and Br nuclei 
disintegrating into slow particles (<30Mev) had been calculated by Le Coutcur 
(1950) and was found to be a linear function of the nuber of black prongs per star. 
But if the total energy, including also those released in thin and grey tracks, is 
considered, the energy of the primary is no more a linear function of the star size. 
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Brown et oZ. (1949) have made extensive measurements of the energy of the 
different types of particles emanating from a star and have shown that the 
primary energy can be expressed as a function of the star size by an empirical 
relation : 

E = 37n4-4w* ... (2) 

where n is the number of heavy prongs in a star. Assuming the cross-section for 
star production to be independent of the energy within the limits concerned, 
the size distribution of stars given by relftions (1) at the atmospheric depth of 
420g om~®, combined with an energy-size relation like that of equation (2), would 
give the energy spectrum of the star producing radiation (.N^-component of cosmic 
rays) at this depth. 
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ABSTRACT. Tho ainglot s-wavo phase sluffcs in the elastic scaiioring of slow elocitrent 
by atomic hydrogen have boon calculated in the energy range below the threshold for tlic. 
excitation of second quantum level (10.2 ov) by Hulih^n’s variational method. The exchange 
effect has been allowed for and tho polarisation effect has been consider<?d through the proct vSh 
of virtual excitation to 2S and 2 Pq levels. Wo obtain a resonan (‘0 level at 9.65 cv energy, 
which agrees favourably with the recent experimental findings and tho results of other thooio- 
tical calculations. 

INTRODUCTION 

Several experiments have been carried out on slow electron scattering by 
atomic hydrogen. Schulz (1904), Klt inpoppon el ah (196.5) and McGoAvan 
et al, (1964) have found experimentally elastic resonances below the threshold for 
excitation of electronic states of atomic hydrogen. 

A number of theoretical investigations has been made on e—H collision problem 
which has been discussed in our previous work (1965), v here we have dealt witli 
the same problem by Hultli^n’s variational method considering the polarisation 
effect through the virtual excitation to 2<V and 2 Pq level but neglecting the ex- 
change effect. Hero in the present paper, wo have used tho same variational 
method and have considered the exchange effect by explicitly antisyrametrising 
the wavefunction with respect to the atomic and incoming electrons, the polarisa- 
tion effect has been taken into account in the same way as in our previous 
work (1966) so as to include virtual excitation to 2S and 2Po levels. Recently, 
Geltman (1966) has applied variational method to investigate the e—H scattering 
with a particular choice of trial function so as to take into consideration the 
virtual excitation to higher excited states and has obtained very narrow 
resonances at electron energies below the first inelastic threshold. Burke and 
Taylor (1966) also have carried out close coupling calculations including correla- 
tion in their trial function on the resonances m e—H scattering. 

Our calculations for singlet 8-vrave phase shifts indicate a resonance at an 
energy of 9.66 ev, which agrees satisfa.ctoriIy with the experimental findings of 
Schulz (1964), Kleinpoppen et al. (1966), McGowan et al. (1966) and also with 
the results of other theoretical calculations. 


482 
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THEORY 

The wavefunction r^) of the system of two electrons moving in the field 

of a proton satisfies the wave equation == 0 


with 


A,* ^ 1 1.1 

-2- 2 


in atomic units (i.c. e — m = % = \ — aj, here and arc the co-ordinates of 
the atomic and incoming electrons, rclatiire to the proton and is their mutual 
distance. 

Since the total wave function of the system of two electrons must bo anti- 
symmetric for exchange of their space i(ind spin co-ordinates, 
we therefore choose for \jr the forms 


'•a) = '^{'kn{r2)FnMri)±fJry)l!\Mrz)} 

V2 ” 

^^ho^e + and — signs correspond to singlet and Iripli^ states respectively and 
represent the wave function for the w4h state of the hydrogen atom and 
satisfies the eigen value equation 

(A2~2/r— 2jE^Jv5^^(r) == 0, 

/v„ represents the eigen energy of the ?i-th state of the atom. 

If such functions can be had in which F liavc the asymptotic forms 

F±n ~ f^n{0. i>) 

T 

then the respective differential cross sections for excitations of the w-tli state for 
antiparallol and parallel alignment of electrons are 

^5- !/*«(<?, ^4)P• 


Here total energy E = 


2 “ 



+En and rei^resent the eigen energy 


of the ground state of the atom, represent respectively the momenta of 

the incident electron and scattered electron after excitation of the n-th state of 
the atom. 


We shall consider only the symmetric wavefunotion corresponding to the 
singlet case and neglect all states for Henceforth we shall omit the super- 

script for convenience. 
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Therefore, r*) = —L [fo(^i)-*^o(^8)+i5^o(''ii)-^o(»‘i)] - {2a) 

•v/2 

with 

filsor 

J„(r)~ef*o.r+i_/((9,?i) (26) 

To solve eqn. (1) under the boundary conditions in (2b), we shall use Hulth4n’s 
variational method choosing our trial wave function \Jr(r, as 

f(^i. »‘i) = 'Tz) Fo(rz)-\-x(rz, ri) jPo(»‘i) — (3) 

where x^Xi, r,) = { 1- ■ c ' 

+<X]fr^(ri) . e - M>‘3+/9^2po(ri, fj)e - ... (3a) 
the polar axis being along r^, p = 1 

and J’„(rj)= ( +(a+6fi-r.)(l_e-r»)£^ij2?j\ ... (36) 

V Aorg Aofg i 


It may be mentioned that we have considered only fif-wave scattering and as 
in our previous work (1965) x satisfies the normalisation condition J ^ 

correct to terms of the order of and 

Substituting ^(r^, from (3), (3a) and (3b) in the variational integral 
i = J ^*(7/— drg and using Hulth6n’8 variational method, the value of 
a is determined, the phase shift is related to a by = tan~^a neglecting higher 
powers of a and 

RESULTS AND DISCUSSIONS 

We have evaluated only the singlet ^-wave phase-shift values (tIq) for the 
case 6 = 0 in the trial function -^ 0 (^ 2 ) energies below the threshold for excita- 
tion of second quantum levels by using only the coupling of 18, 28 and 2P^i 
states. 

We have plotted the phase-shifts iJq against in Fig. 1, where we notice the 
peculiar resonating behaviour i.e. there is a sharp increase in phase-shift values 
above == .70. 

We have shown Qm as a function of K\ in Fig. 2. By making use of 
Breit-Wigner cross-section formula 

4 


we obtaiQ 
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Fig. 1. The suiglet S-wave phase shift is plotted 
as a function of K% in the neighbourhood of 
resonance. 



->K„» 


Fig. 2. The rosonaaoe part of S-wavo pros 
section is plotted as a function of 


Erf, = (.7027 a.u.) 9.56ov, the width F -*■ .04ev and the resonance cross section 
= 5 . 667 ^ 0 %. 

The first experimental report on a resonance in the scattering of electrons by 
atomic hydrogen has been made by Schttlz (1964) at (9.7±.16)ev. Such a reso- 
nance has been further confirmed by the observations of Kleinpoppcn and Raible 
(1965) who found that it is centred around (9.73±.12)ev. Recently McGowan 
et. al., (1965) have reported two resonances, one near 9.46ev and the other near 
9.68ev. 

Burke and Schey (1962) have obtained a rsonance at 9.61cv with a width of 
.109 ev in the ^8 state and the corresponding resonance cross section being 
5.667r a®(,. Nearly similar results were obtained by O’Malley and Geltman 
(1965), Temkin and Pohle (1965) and others. Most recently, Burke and Taylor 
(1966) have obtained two resonances, one at 9.660 ev and the other at 10.178 cv 
with widths of .0476 ev and .00279 ev respectively. 

In conclusion, we may say that our present formulation yields satisfactory 
results for the position of elastic resonance in e — H scattering. 
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ABSTRACT. The results are presented of the analysis of ocillograms due to shocks 
generated by the rupture of diaphragms in a shock tube. Shock overpressures po and the 
duration tg of colling pressure to zero level transit have boon determined from the oscillograms 
as functions of compression chamber pressures and distances. Shock velocities have been 
determined by the time of arrival method. The values of shock overpressures as doterminod 
by these two methods agree satisfactorily. 

INTRODUCTION 

Roiman (1880) and Hngoniot (1887) have already very early theoretically 
demonstrated that a pressure wave of finite amplitude changes its form during the 
propagation in such a manner that its front becomes increasingly steeper and its 
end increasingly flatter. A shock wave is characterized by a relatively laige 
change in excess pressure across a very small rc'gion of space. Such shocks can 
result from explosions like the rupture of a membrane separating a region of liigh 
pressure from a region of low pressure in a tube or from a detonation of chemical 
explosives. 

The literature on shock waves is extensive (Courant ei aZ., 1948) and hero we 
shall content ourselves with the analysis of the pressure oscillograms of shock waves 
generated by breaking the diaphragm separating high and low pressure regions in 
a tube. The short duration of the shock makes an analysis of the direct measure- 
ments rather difficult, so that the analytical evaluation of the Furrer integral 
from tho oscillograms has been pursued. In this respect ilic work of Furrer (1946) 
is an outstanding contribution to the physics and mathematics of explosions 
due to TNT explosives, cannon shot, and pistol shot. Leonard (1962) briefly 
discussed his work in a review article on explosive sound sources. In the present 
investigation, the method used by Furrer to analyse the pressure oscillograms 
due to the above mentioned explosions will be followed to analyse the pressure 
oscillograms due to the shook generated in a tube by the rupture of the 
membrane. Here no attempt has been made to introduce a correction term in 
the pressure distribution along the axis of the tube due to reflection, because of 
the complex mathematics involved to compute the reflection term. This is 
partly due to the irregular inside structure of the shock tube. 


♦Permanent address : Bose Institute, 93/1 Upper Circular Road, Calcutta 9, India. 
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On the Acoiistics of Shocks Oeneraied, etc. 

In order to gain a clear insight into the physical characteristics of a shock. 
It is important to know the chronological sequence of the atmospheric pressure 
and its speed of propagation. The shock overpressure was measured by means 
t)f a calibrated piezoelectric transducer made by Ivistler company, and speed of 
propagation was measured by the time of arrival method. 

II. THEORETICAL CONSIDERATIONS 

The most essential characteristics of a shock ar<5 the sudden onset and tlie 
short duration. In the case of a shock due to explosion, we have to (?xpoct a vir- 
tually discontinuous pressure leap. The paramoU rs decisive for the effect of an 
explosion thrust, especially the i>ressure leap a^nd the air speed, can be traced 
back to a single parameter, the wave velocity, in the vicinity of the exjjlosion 

where the pressure leap and the air speed ace high, the velocity of a wave is 
also very high. With increasing distance it approaches tlu^ velocity of sound 
asymptotically. As opposed to classical sound relationship a difference results in 
that the speed of propagation is no longer a pure material constant and the step 
pressure is added to the hydrostatic pressure, but these differences disappear 
ve ry rapidly. 

H K O N O O G I C A L PRESSURE D I S T I< I R U T I O N 

ill order to study the common form of the chronological pressure^ distribution 
ol‘ a shock in a cylindi ical enclosure the following simple function which has la en 
used by Furrer to study explosive waves in open atmosphere will be enijiloyed 
to analyse the pressure oscillograms in the present investigations ; 

Pt = (Qt+O) •••(!) 

wlirre the pressure ceiling, and t^y the durat ion of the pressure ceiling up to 
zciu transit, will be introduced as two parameters from the oscillograms. Equa- 
tion (1) has been found to lit the experimental shock tube data satisfactorily. 

The following boundary conditions are to be satisfied for the determinations 
of by Q, and 0 from the magnitude of and 

1. The chronological integral must be zero, i.c., physically the elastical 
procedure will be assumed and there wiU be no gas transport. 

00 00 

I p^t = j e-“ cos {ilt+0)dt = 0 ••• (2) 

0 0 

j-e., J e-*’* cos {Clt+0)dt = 0 (3) 

0 


which leads to tgO = ^ 


... (4) 
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The maximum of F(p,) = ^ , when to® = £2®+6* (12; 

Tlie shock itself can be interpreted as the sum of infinitely many vibrations witii 
the assigned amplitudes of the Fourier integral 

F<==^ I tjwl F(pt)d<a ... (13) 


APPARATUS 

Figure 7(a) shows the photographs of the experimental arrangements and 
Figure 1(b) shows the schematic diagram of the shock tube in which the shocks 
were generated by rupturing AVLSCO Ctdlophane T}T)c 195 MSBO diaphragms 
with a metallic pointer activated by a sohmoid. The number of sheets required 



Fig. 1(b) : Sohoiwtic diagram of tho shock tube. 


depends upon the ratio of the pressures on tho two sides of the diaphragms. A 
minimum of 3, 5, and 8 sheets are required for the corresponding pressure ratios 
of 1.045, 1.768, and 3.515 (16, 25, and 60 p.si). Air is us<d both for the driving aiul 
the driven gas. The flow of the gas from the compression chamber after the 
rupture of tho membrane is matcht'd by introducing a metallic cone 91.44 cms.long 
(3 feet) in between the compression and the expansion chambers. A pressure 
gauge is coupled to the comj)rcs8ion chamber to read the air pressure in it. 

The expansion chamber containing air at atmospheric pressure is cooled 
to about ~10°C by circulating coolant from a constant temperature bath through 
a coil system incorporated in the chamber. The ratio of the cross-sectional areas 
of tho compression and the expansion chambers is 3. Sample ports and obser - 
vation windows are provided in tho expansion chamber. The reflection of shock 
waves from the end of tho expansion chamber is minimized with the help of a per- 
forated acoustic reflector fixed at an angle of 46° to the axis of the shock tube 
assembly and a pad of glass wool enclosing the end of the tube. The outside 
of the expansion chamber is wrapped with a thick lining of glass wool in order 
to reduce heat.transfer, 



On the Acoustics of Shocks Oenerated^ etc. 


491 


A calibrated quartz transducer Tje Model No. bOl^, its associated electro- 
static charge amplifier Model 566 made by the Kisilor Instrument Corporation 
and a Tektronix Type 545A oscilloscope are used to measure the shock over- 
pr(\SHiire. The natural frequency and the rise time of the transduocu- are 140kc/8 
and 3 secs., respc^ctively. 

A second transducer made by Ghilton Industries, and a H/P4()0n VTVM 
are used in addition to the transducer, to measure the shock sptHHl by the time 
of arrival method. 

For furtlun* details about the shock tube and the results obtain<Ml on tin; inter- 
actions of shock waves with super cooled; water (0 5 to 1 cc.) (^onlaiiuHl in glnss and 
tygon tubings and with a single suspended sujx'rcooled droplf 4 , refenan e is made 
to the papers by Ooyen\ Bhadra, and (dtiin (19t>r)) and Bhadra (1965). 

E X T» E R I M K N T S 

In order to understand the mechanism of the in((*raction of sliock wa^ es with 
sup(Tcooled water, experinnuits W(‘re carried out to deterininc' th(‘ following 
sliock pararn('tcrs as functions of distance^ and compr(\ssion chamber pressure : 
(/) chronological pressure dist ribution, (ii) speed of shock wave. (iii) acous- 
tic energy, IF, (iv) fn^jncncy spectrum, F{pi). 

Th(‘ chronological pressiin* distribution Avas determined by moans of the 
transducer Tje in conjunction with the charge amplifier and the Tektronix oscillo- 
s(*o])e. Tlio oseilloseope was triggered by the signal ])ieked up by the transducer, 
from the shock field. The transducer, was located ahead of tlu^ pressure 
ainplit ido measuring transducer, T 4 ;, at a known distance from it. The 
iransdiic(‘r, \vas inserted hito the shock field in such a way that the flow pattern 
ill front of the transducer, Tic. not disturbed to an apprcnuable amount. So 
tho transducer Tg, Avas placed far off from the axial region as is Hho\\'n in Figun* 
1 . Th(^ axes of the transducers AAcre aligned parallel to the directi >n of the 
gas How. 

The sensitivity of the transdueor, 7V, i« 1.0//// Cb/psi and the charge am])li- 
fier is calibrated in terms of mv///// Cb. 

From the oscillogram, the magnitude of the pc^ak ove]'pr(^ssure, and the 
time, T, taken by tlic sliock wave to travel the distance, I), Ixitween Iht^ two 
transducers, Tjt and T^, were estimated, Th(' shook spcM^l was d('termin(*d from 
the measured values of the time, T, and the distance', J). and T where mcasun'd 

as functions of the compression chamber pressure and the distance from the 
diaphragm. Another parameter, ^q, the time for the ceiling pressure to return 
to zero transit region was determined from the oscillogram. These values of 
Pq and tQ are used in determining the chronological pressure distribution, 
acoustic energy, W, and the frequency spectrum, F(pi). 
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RESULTS AND DISCUSSIONS 

Figures 2(a) and 2(b) show the two typical oscillograms of 3.616 Kg/cm* 
compression chamber pressure at distances 2,44 m and 1.83 m respectively. The 



Time 2ms/divi8ion (Largo) 

Fig. 2 : Pressure oscillogram of 3.615 Kg/cm® compression chamber pressure. Ordinate : 

pQ in 0.1088 Kg/cin®/cin. Abscissa ; (a) Time in 2 ms/cm. at a distance of 2.44m. 



Time-^lms/division (Large) 
(b) Time in 1 ms/om at a distance of 1.83m. 
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measured values ofpQy the ceiling pressure, the duration of the ceilingg pressure 
up to zero leve Iransition, the shock velocity, and the calculated valves of 
Wi the acoustic energy, Pc^ shock overpressure, the mach number, are 
presented in the table as functions of distance and compression chamber pressure. 
The velocity of sound in dry air at — 10°C is 326 m/s. Column ‘c’ of the table 
shows the measured ceiling pressure, Pq and Column ‘d’ shows the same as calcu- 
lated from the ratio of shook velocity and sound velocity. The overall agreement 
between the measured and the calculated ceiling pressures is fairly satisfactorp, 
but for 3.615 kg/cm^ compression changer pressure, the agreement is excellent 
Column ‘f* shows an appreciable increaae of the shock velocities over the sound 
velocity at — 10°C as shown in Column ‘g*. Column ‘i’ shows the amount of acous- 
tic enorgy/cm® available for each compression chamber pressure at different dis- 
tances. Column ‘h’ shows the maximufn value of the mach number using the 
minimum value of sound velocity. No ^rrection for moisture content in air has 
boon added. 

For the pressure 3.516 Kg/cm^ a minimum number of 8 diaphragms is required. 
However, at compression chamber pressures of 1.758 Kg/cm^/and 1.045 Kg/cm® 
diaphragms cannot be ruptured by the metallic pointer so that 5 and 3 diaphragms 
are used respectively for these two cases. Since the number of diaphragms is 
changed w’^hen the compression chamber pressure is changed, it is difficult to rebate 
correctly the ceiling pressure to the compression chamber pressure, but repeated 
expcjrirnents under similar conditions produced almost identical oscillograms. 


.3 

Distance in m 1.220m 1.830m 2.44(»in 

Fig. 3 : Overpressure plotted against distance as a function of the chamber pressure. 

Figure 3 shows the measured ceiling pressure, Pq, at various distances. Pq 
decreases inversely with distance up to 1.22 m. It was not possible to measure 
the ceilling pressures at smaller distances, i.e., less than 1.22 m In these regions 
the plots of Pq against distance are shown by dashed lines indicating the uncer- 
tainty of the inverse relationship. 

In Figure 4, the measured values of Iq and Pq are shown dependent on the com- 
pression chamber pressure. The measured values of (q from the oscillograms for 
compression chamber pressures of 1.768 Kg/cm^ and 1.046 Kg/cm^ at a distance 
of 1.22m have been found to be much smaller than those at 1.83m and 2.44m. 
The curve for Iq against compression chamber pressure is steeper indicating, 
thereby, the rapid leveling down of the shock overpressure. In the region of 1 .22m 
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th(! shock profile builds up and therefore it is difficult to visualise the mechanism 
involved for the lower values of 



Fig. 4 : po and to aii' plotted against tho jjressuro in the (‘oinjiressioji ehaniber. 



Time 2mfl/divi8ion (barge). 



Time Ims/divisioai (Largo). 

Fi« 6 ; Approximate function of the shock osciUo^ of 3.616/Kg/cm» compression chamber 
: pressure, (a) at 2.44 meter, (b) at 1.83 meter. 
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TABLE I 
Results 


Serial 

No. 

♦a 

in 

meters 

b 

in 

Kg/cm* 

0 

Kg/cm^ 

d 

Kg/om® 

e 

ill 

mllli- 

sec. 

meter/ meter/ 
Boc sec 

h 

i 

in 

watts 

1 

1.22 

3.516 

0.306 

0.374 

2.4 

373.99 

326 

1.16 

0.0173 

2 

1.22 

1.768 

0.231 

0.3|0 

1.2 

366.02 

320 

1.13 

0.0050 

3 

1.22 

1.046 

0.196 

0.218 

1.2 

366.22 

326 

1.09 

0.0033 

4 

1.83 

3.616 

0.310 

0.347 

2.6 

372.16 

326 

1.14 

0.0193 

5 

1.83 

1.768 

0.196 

0.246 

2.2 

368.75 

326 

1.10 

0.0061 

6 

1.83 

1.046 

0.141 

0.218 

2.2 

364.48 

320 

1.09 

0.0029 

7 

2.44 

3.615 

0.267 

0.272 

2.8 

363.02 

326 

1.11 

0.0160 

8 

2.44 

1.768 

0.231 

0.170 

2.4 

350.22 

326 

1.07 

0.0067 

9 

2.44 

1.046 

0.196 

0.143 

2.2 

346.95 

326 

1.06 

0.0026 


*a disiarico from the diaphragm 
b compresftion chamber pressure 
0 measured shock ceiling overpressure 

d shock coiling ovorprossuro pc calculated from ratios of shock velocity (7* and sound velocity 
aar 

e duration of pressure ceiling up to zero level transition Iq 
f shock velocity as measured by time of arrival method 

g scumd velocity a* in dry air at — lO'^C, velocity of sound increases by 0.05 m/s for addition 
of 0.10% by volume of moisture (in the present case air is not free from moisture). 

h w, the maoh number = f/g^ 

<*x 

i acoustic energy W in watts/unit area 

111 Figure 6, only two typical oscillograms of 3.515 Kg/cm® compression 
chamber pressure at 2.44m and 1.83m are represented by the curves A on which 
the curves B representing the approximate function 

p. = ^e_ cos (i2t+0) 

COB d 

are superimposed. These curves present fairly good agreement between the 
theoretical and experimental values without correcting the theoretical values 
for reflection. 

Figure 6 shows the frequency spectrum of the sound pulse from the shocks 
as calculated approximately from Fourier transform of the Equation (1). The 
Fourier transform is represented by Equation (10). In the figure, pressure ampli- 
tudes per 1 c.p.8. (Hz) at a distance of 2.44m for the compression chaniber pressures 
of 3.616 Kg/cm*. 1.768 Kg/om», and 1.046 Kg/om® are represented by the curves 
A, B, and C. The ordinate represents the pressure amplitudes m decibol/H*. 
The 0 dh has been defined to be equal to 1 fibjHz. The maximum pressure amph- 
tude is given by Equation (12). The pressure amplitude faUs to zero at zero 
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frequency. The peak in the spectrums moves towards the lower frequency side 
of the spectrum as the pressure in the compression chamber is increased. This 
peak frequency, however, has no relationship whatsoever to the acoustical reso- 
nance frequency of the shock tube. For the three different cases, the peak fre- 
quencies are 464 Hz, 630Hz, and 636Hz for the compression chamber pressures 
of 3.615 Kg/cm®, 1.768 Kg/cm*, and 1.946 Kg/cm*, respectively. 



10 20 60 100 200 600 1000 2000 6000 10,000 20,000 
Fig. 6 t Frequency spectrum as a function of compression chamber pressure. 

Figure 7 represents sound pulse amplitude distribution as a function of frequen- 
cies at different distances for one compression chamber pressure. The pressurt' 
amplitudes of lower frequencies are higher at larger distances. The findings are 
in agreement with the theory of shock waves, i.e., shock waves decay into low 
frequency sound waves at larger distances. 



Hz (cps) 

Fig. 7 } Frequency spectrum at various distances. 
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CONCLUSION 

It may be concluded hero that Equation (1) can be used satisfactorily to ana* 
lyze the shock tube data. Further, this analysis provides data in elucidating the 
mechanism involved to trigger freezing of supercooled water by shock waves for 
which this shock tube is designed. 
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ABSTRACT* The effects of having a non-uniform field distribution on the effieioncy 
Giinii devices aro studied from a device designer's viewpoint. Two means are suggefeteil 
to achieve such field distributions : (i) n^sisfivity gradient, and (ii) non-planar electrode goo- 
raotry. Baaed on simplified mathemati<*al models, both the cases are analysed for the outpul 
power and efficiency. The performance of those proposed devices is compared with tlio usual 
ufii form -field Guim devices, and the advantages, flisadvantagos and practicability i>f sucli 
devices discuBsed, It is shown that in certain ranges of the high-field demain width and 
the mifirowave frequency, the non-uniform field devices may be more efficient than their 
counterpart. 

INTRODUCTION 

There is much recent interest in the (Junii-effect oscillators (Gunn, 1964a, h) 
made of two-vallcy compound semiconductors. The differontial-negativc-con- 
ductance model, independently propo.s('d by Ridley and Watkins (1961) and 
Hilsum (1962), predicts current instabilities in a two-valley .semiconductor s\ich 
as GaAs or InP when the applied electric fi(.‘ld exceeds a threshold value. Eidley 
(1963) predicted the formation of a high-field domain and a low-field domain in 
the bulk once the applied field is in the region of negative differential conducti- 
vity. During and after its formation the high-ficld domain (HFD) propagates 
through the length of the sample with roughly the low-field electron drift velocity. 
The periodic nucleation and propagation of this HFD give rise to the microwave 
power output. The frequency of oscillation is given by the inverse of the domain 
transit time. McCumber and Chynoweth (1966) and Kroemer (1966) have shown 
that normal statistical fluctuations of the donor density in the semiconductor 
give rise to a dipole-domain formation. While the width of a pure accumulation- 
layer domain is directly proportional to the length of the sample (Ridley, 1963), 
no such simple relation exists in the case of a more practical dipole-layer domain, 
and it seems likely that the length of the sample does not have much influence 
on the width of a pure dipole-layer domain (Copeland, 1966a; Chynoweth, 1966). 
This is also borne out by the observation that coherent sinusoidal oscillations are 
obtained in shorter samples as compared to spiked oscillations in relatively longer 
samples (Foyt and McWhorter, 1966), However, the width of both types of do- 
mains is influenced strongly by the applied field, the width increasing with 
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increasing applied field (Allen ei aZ., 1966 ;Butchor a/., 1966; Copeland, 1966a). 
Heeks (1966) observed that the field in the HFD saturates to around 76 KV/cm. 
and any excess applied voltage is absorbed by the domain by increasing in 
its width. 

Gunn-effect oscillators have been successfully fabricated in the kilo-mega 
cycle frequency range with peak pulsed power output of about 100 watts (Dow 
ei al, 1966) and a few tens of milliwatts ii:^ the CW operation (Hakki and Knight, 
1966). The efficiency of such devices is typically 3 to 10 percent, which compares 
well with the 2 percent efficiency of the present-day low-power single-cavity 
reflex klystrons. There have been some efforts made to calculate the efficiency 
of such devices (Hilsum, 1965; Copeland, 1966b). However, such calculations 
become extremely complicated because (tf the inherent non-linear nature of the 
device and computer solutions are usually resorted to. Hilsum (1965) considered 
an accumulation-layer domain equivalent to a charged capacitor and by consi- 
dering the energy stored in this capacitor, arrived at a simple expression for the 
efficiency of the device. 

In a series of experiments Hecks and coworkers (Heeks et at, 1965; Heeks, 
1966) demonstrated Gunn’s original observation tliat only the nucleation of the 
HFD requires the applied field to be higher than the threshold field, but a much 
lower field is necessary to maintain the propagation of the HFD along the length 
of the sample. This demonstration immediately suggests that the efficiency of 
the Gunn device could possibly be increased by keeping the maintaining field low 
after the complete formation of the HFD, because then the Joule heat loss will 
!)(' less. A further step ahead would be to convert thv time variation of the applied 
field (Hecks, 1966) to a spatial variation in the sample, thus introducing a non- 
uniform field distribution. The purpose of this paper is to analyse this situation 
from a macroscopic viewpoint with the assumption of simplified mathematical 
models. Two different means are suggested to achieve such non-uniform field 
distributions and both the cases are analysed to obtain expressions for the effi- 
ciency, Comparison is made with the existing uniform -field Gunn devices and 
the advantages, disadvantages and the practicability of the proposed techniques 
are discussed. 


•RESISTIVITY GRADIENT 

Kroemer (1966) suggested that intentional resistivity gradient may bo used 
in the Gunn devices either to force the formation of a single depletion layer rather 
than a multiple of such layers, or, with a reverse gradient, to force the suppression 
of such depletion layers and formation of pure accumulation layers. Das and 
Maron (1966) analysed this situation and showed the desirability of having a 
non-uniform carrier distribution. We consider here an exponential distribution 
of the electron density : 

n{z) s=s ••• (1) 
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where z is the distance along the sample of length I, and a is a constant. With 
an applied voltage V across the sample, the electric field F(z) is given by : 


(1-e-) 


... ( 2 ) 


kT 

where the built-in thermal field (of the order of a) is neglected. The low 

Iq 

domain field required to maintain the propagation of the HFD may bo 
written as : 


Fi^iFTlm) ... (3) 

where F is the threshold field and m is a constant greater than 1 . For successful 
nucleation and propagation of the HFD we demand that : 



... (4) 

F{z) z ^ Co 


give ; 


V = (i'’ri/ain)(e“— 1), 

... (6) 

P{z) = 

... (6) 

Zq — Z(l— In m/a). 

... (7) 


The field distribution, as outlined above, is shown schematically in Fig. 1(a). 
Kroemer (1966) considered the formation mechanism of both an accumulation- 
layer and a dipole-laycr HFD due to the statistical fluctuations in the carrier 
density. Applying Kroemer’s argument in this case, with the existing non-uni- 
form field, it is easily seen that the domain formation will be one of a dipole layer, 



Fig. 1, Schematic diagram showing (a) the field distribution in the sample (Eq. (6)) immediately 
after the application of the external bias, (b) the assumed transient distribution at 
the time of the formation of the high-fiald domain, and (o) the final steady state dis* 
tribution after the complete doniain formation, 
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because the upstream field is higher than the down-stream field. Wo proceed 
with our calculations keeping in mind the salient features of a dipole-layer doman 
discussed in the Introduction. 

In order to arrive at an expression for the efiiciency of such a device, wo make 
the following assumptions : 

(i) The HFI) is flat-topped, and the domain voltage is given reasonably 
accurately by : 

Vti = Fgx ... ( 8 ) 

where Fh, the field in the HFD, saturates to a value given by ; 

FH = {Ffls) ... (9) 

where « is a constant less than 1 (Heeks, 1906). Any excess applied voltage is 
absorbed in the domain by increasing its ^dth x. 

(ii) The formation of the HFD takes place according to the Figs. 1(b) and 
1(c). The potential drop in the region 0 < z < is only responsible for the forma- 
tion of the HFD (Fig. 1(b)), but after its formation, the potential gets redistributed 
as shown in Fig, 1(c). 

(iii) The HFD is equivalent to a charged capacitor C, whose stored energy 
propagates through the length of the sample in time 

T = (l/t») ... (10) 

to deliver the microwave power (Hilsum, 1965). Here the low-field electron 
drift velocity v is given by : 

F = Fi/t - Fh/i' ... (11) 

where /n and fi' are the mobilities of the electrons in the lower and upper 
valleys respectively. 

The weakest of the assumptions is (i) above. This assumption necessarily 
means that the wall thickness of the accumulation and depletion layers is negli- 
gible compared to the total width of the HFD. This, in turn, restricts the carrier 
density to rather high values (Allen et al., 1966; Butcher et al., 1966; Copeland, 
1966a). Assumption (ii) is the basis of the mathematical model we use for ana- 
lysing the situation, and in the absense of any contradictory evidence we are 
willing to base our calculations on this model. 

Under these simplifying assumptions, the average power output of the device 
for a time large compared to t is given by : 


® (Ijv) Sntihn 


( 12 ) 


where K is the dielectric constant of the material and the relative domain width 
is given by : 


y ® (xll). 


• • • 


(13) 
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where z is the distance along the sample of length I, and a is a constant. With 
an applied voltage V across the sample, the electric field F(z) is given by : 


F{z)^ 




( 2 ) 


kT 


where tlu' built-in thermal field (of the order of a) is neglected. The low 

Iq 

domain field F^ required to maintain the propagation of tlie HFD may be 
written as : 


FL~{FTl'ni) ( 3 ) 

where F is the threshold field and m is a constant greater than 1 . For successful 
nucleation and propagation of the HFD we demand that : 


F(z) I 

Equations (2), (3) and (4) give : 

V ~ (FyZ/am)(e«— 1), 
F(z) =r 

Zq = Z(l— In mjoi). 




(•>} 

(<») 

( 7 ) 


The field distribution, as outlim'd above, is shown schematically’^ in Fig. l{a), 
Kroemer (lOfifi) con.sid(Ted th(' formation meelianisni of both an acouinulatiou- 
layer and a dipoh'-layer ITFI) due to the stat istical fluctnal ions in lh(' cai rier 
density. Applying Kroerner’s argument in this case, witli the existing iion-uni> 
form field, it is easily seen that the domain formation will be one of a dipole layer. 



(a) (b) (c) 

Fig. 1. St homatio diagram showing (a) th« field distribution in the sample (E(p ((])) immodiatoJy 
after the application of the oxU^nial bias, (b) tho assumod transient distribution at 
the time of tho formation of the high-field domain, and (e) the final steady state diP' 
tribiition after the complete domain formation, 
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because the upstream field is higher than tlu*. down-stream field. We proceed 
with our calculations keeping in mind tin* salient features of a dipolc-laycr doman 
discussed in the Introduction. 

In order to arrive at an expression for the efficiency of such a device, wo make 
the following assumptions : 

(i) The HFD is flat-topped, and the domain voltage is given reasonably 
accurately by : 

Vh — Fjix ... ( 8 ) 

where Fjj, the field in the HEi), saturates to a value given by : 

Fn^if^Tls) ... (9) 

where 5 is a constant less than 1 (Hecks, 1960). Any excess applied voltage is 
a])sorbed in the donuiin by inert^asing its width x. 

(ii) The formation of the IlFD takes place according to the Figs. 1(b) and 
1((*). The potential drop in the region 0 < 2 < is only res])onsible for the forma- 

t ion of the HFD (Fig. 1(b)), but after its formation, th(‘ potential gets redistributed 
as shown in Fig. 1(c). 

(iii) The IIFD is equivalent to a charged capacitor ( 7 , whose stored energy 
propagates through the length of the sample in time 

r = (//!;) ... (10) 

to deliver the microw'avo power (Hilsum, 1965). Here the low-field electron 
drift velocity v is given by ; 

V Fi^fi Fh/i' ... (11) 

where /i and //' are the mobilities of the electrons in the lower and upper 
vall<*ys respectively. 

The w’cakest of th(' assumptions is (i) above. This assnmj)tion nec(\ssaril 3 ^ 
means that the wall thickness of tlie accumulation and depletion laycTS is negli- 
gible compared to tin? total width of tlie IIFJ). This, in turn, r(\slricts the carrier 
density to rather high values (Alhm et al., 1966; Butelier et al., 1966; Copeland. 
1966a). Assumption (ii) is the basis of the matJieniatical model we use for ana- 
lysing the situation, and in the absense of any contradictory evidence we arc 
willing to base our calculations on this model. 

Under these simplifying assumptions, the average pow er output of the device 
for a time large compared to r is given by : 

p == ... ( 12 ) 

® (Ijv) Snshn 

whore K is the dielectric constant of the material and the relative domain width 
is given by : 


y ^ 


... (13) 
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Equation (12) is d(Tived with tho help of Eqs. (3), (8), (9) and (11). Since the 
carr iers in tho HFD are in th(‘ n])per valley of the conduction band, the resistance 
of this domain is approximately given ))y : 


0 q/^'ri(z) 


•. (14) 


whore q is the electronic charge. For low values of th(‘ domain width, this resis- 
tance obviously reduces to : 

Rh ^ (15) 


Tho resistance of the low field region is similarly given b\ . 

I 


i qini{z) 


e-») 


... (IG) 


a«o?/' 

Tho poiontial di’op iu tho low-fiokl region is given Irotu Ikjs. (.G), (8) and (9) hy • 
Vl = V- Vh 


[s(c“— 1)— ami/]. 


(H) 


The power input to tho device under these conditions is gi' cn by 

- -Ai-+ 

and with thc^ aid of Eqs. (8), (9), (14), (10) and (17) this becomes : 

„-<vv\4 JCWyP 1 

^ ‘ L ^ ■ j 

From Eqs. (12) and (19) tlie overall efficiency of the device is : 


(18’ 


(Hb 


STTqn^ill I ^ / j 


( 20 ) 


The efficiency thus calculated is plotted in Fig. 2 as a function of the relative 
domain width y with a as a parameter. The following values, typical of ?i-GaAs, 
are used for this purpose : 


m = 2 
5 = 0.043 

Fr = 3.2x10® volt/cm. ... (21) 

Jl = 1.1 X 10”^® farad/meter, 

/4 = 6000 om®/volt-sec. 
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A iso plotted in this figure is the efficiency of a uniform -field device (the curve marked 
X = 0), the expression for which was derived by Ililsum (1966). The uniform 
carrier density assumed for this plot is equal to n^^. Tigun' 2 clearly shows that 
iov JaJge values of y and relatively low a, the efficicuicy of the nun-uliiform field 
device, as described above, is larger than that for the uniform field device. The 
value of a cannot be much less than unity, because Eqs. (4) and (7) have to bo 
si/nultaiif^ously satisfied. Decreasing a automatically reduces and since y 
cannot be larger than {Zq/I)^ so the advantage obtain(‘(I by decrt‘asing a is lost. 
Th(‘ minimum value of a, as seen from Eq. (7), is ajqu'oximately 0.69, in which 



.001 .01 .02 .03 .06 

Relative domain width. 

2. The compiitod cffi< loncy of the Ciujin dovico jploitod anti function of the relative 
(loinaiu width, for the unitonu-fi* M (a U) and ilu; nun-iinifurni ti('ld (a >■ 0) Gunn 
deviiH'S. 

case there will not be any stable domain formation and oscillation. From known 
uhservations (Hilsum, 1965; tlceks, I960) it can b(‘ safely a.ssunied tliat the relative 
domain width y lies somewhere betwcHui 2 to 4 pcreeiit. Willi this range of values 
lor i/, Fig. 2 shows that having a non-uniforjn carrier distribution vith a — I 
docs give a more efficient device than tlie uniform device of same huigtli and liav- 
ing a carrier density of possible to obtain such low gradient 

of carrier density (a = 1) with the techniques ol nidilTusion. HoweviT, the usual 
donors in GaAs, such as Se and Te, have rather low diffusion constants, and the 
technique of out-diffusion could be employed to obtain the required carrier- 
density gradient. 

NON-PLAN A R ELECTRODE GEOMETRY 

The second method to achieve the non-uniform field distribution in the Gunn 
devices is to use non-planar electrode geometry. We will consider here the ease 
of concentric cylindrical electrodes as illustrated in Fig. 3. Such devices could 

6 
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be fabricated by selective surface plating of the contact electrodes by the usiml 
photolithographic techniques and then alloying. Similar surface-oriented Gumi 
devices with planar electrodes have been successfully used (Foxell et tU., 19(ir>). 
The following analysis is made by adopting all the assumptions made in the pn - 
vious case except (ii). With thi' symbols defined in Fig. 3, the average power 
output of the cylindrical device is given from Eqs. (8), (9), (10) and (11) as : 


Poc = 


IOcVh'* 

{h—a)jFi 4 i 


KdFLiiP^x^c 
4(6— a) (1-fxc/a) 


^ 

4(6— a)5‘^»? (l+xc/a) 

when; the subscript c denotes the cylindrical c’a.se. Insl ead of calculating the jiowi i 
input to the d<‘vioo and the efficiency, as was doiu^ earli(‘i\ vv(‘ wil] ealeulait llir 
power output in the case of a planar-electrode device (case ‘ p” in Fig. 3). and 



Caflf^ : Case : “p” 

Fig. 3, Electrode configiirations for the cylindricjal (gusc “f ”) and tho planar (caHC 
dovifOB. 


assuming the same power input to both the devices, compare the output powers 
and hence the efficiencies. The latt(T ease has l)een treat (^d by Hilsum 
and in our notations the output power of the planar device is given by ; 


-P Op 


ICpV^^ 

(h—a)lFj,fi 


KdaF^'^xpi^ 
4^*772(6— a) 


(23) 


As a basis for the comparison, we have assumed here that the depth of alloying 
d{8ee Fig. 3) is the same in both the cases and the width of the planar electrode 
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is {2na). With the same input power to both the devices, the ratio of the respec- 
tive efficiencies is given from Eqns. (22) and (23) as : 

^ ^ Poc 
VP Pop 


/xc\ _(xcla) 

\Xpl In (1 -\-Xcla) 


(24) 


Since for any positive xp : 



>(»{!+ (^)). 


25) 


hence from Eq. (24) 


Vp ' 


(26) 


So, if xc > iCf., then tje always bo larger than 

The held variation in tJio case 'V;” follows an inverse radial-distance law. 
W ith tlifi boundary conditions enumerated in Eqs, (4) above (with the radial 
tlistance r substituted for z)^ we will liave an identical situation here as in the pre- 
vious cas<\ Following the arginnents given there and in the Introduction, it is 
]K)ssi])k? that,rc will be larger Huu) xp, which w ill ensure that tjc always larger 
iiiMii fjp. This was not un('xp(‘cte(b because the capacitance, and hence the 
fiK'igy stored in it w ith the same maximum held Fh^ is larger in the case of cylin- 
drical el(*etrod(‘s than that in the planar case with the same cross sectional area. 
Apart 1‘rom this increase* in tlu' capacitance because of the geometry, there could 
1)'* turthei’ increase in the c‘fljciency of the cylindrical device because of the i)os- 
sil>le incn'ase in the domain width due to the non-uniform held distribution. 

K('ferring io Eqs. (25) and (26), it is notc'd that larger the value of {xcia), larger 
Avill l)c tin* incr(*as(! in i/c conifnired to yp. With the present-day photolithographic 
1cchiii(jues a could be as small as 3-5 microns, and wdth xc presumably in the same 
I'arige, th(*r(* could be a substantial increase in the efficiency of the cylindrical 
d(‘vi(t<* as compared to that in the planar device. Of course, the reduction in a 
will necessarily reduce the cross sectional area and hence the output power. 
Aiiotluu' interesting observation that can be made here is that the HFD travels 
1‘adially through the active hmgth I = (6—a), and unlike the linear how its width 
reduced during its propagation. This will, therefore, tend to give rise to spiked 
waveform rather than sinusoidal ones (Foyt. and McWhorter, 1966). This effect 
could conceivably be overcome by keeping the active length (ft— a) reasonably 
Boiall. This reduction in the active length, wffiich is one of the great advantages 
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of the surface-oriented devices (Foxell et ah, 1965), helps generating highor 
frequency. 
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A NOTE ON THE DISPERSION RELATION FOR VERY 
HIGH TEMPERATURE PLASMA 
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ABSTRACT. The aBympiolic expaiiRiou of the fiiiiftion S^{z) wliich foiupletoly dos- 
(•ribf>8 the plasme (liH])er8ion law and introdueed by Majuinar (lOGo) has been earricjd out 
for very liigh temperature and low magnetic field. From this ex]>resKion th(' wt'll-known 
results of zero magnetic field case are recovered. 

I NT R 0 DU C T I O N 

la an earlier work on tlu* dispersion rtilaiion for (^lecdron jilasma in an 
cxicTnal niagnotic field, (Majiinidar, 1965), it^ was sliowii that the whole 
jirohleni of plasma dispersion ean he throughly soIvihI in terms of a now 
fiincition given by 



S,(Z) = J (M+ Zcoat (li_ 

0 

.. (1) 

where 

V ^ 

(2) 

and 

Z - J 



H( 're, (Oc — vHJrnc is tin? (cyclotron frequency of the plasma (‘lectroiis, T is thoir 
kinetie temperature, <.> and are respecti\ely the fr(‘(|U('Ucy and wave numhoi 


(perpcuidicular to the applii'd magmatic field //„) of tht'. disturliaiK^'s. 

It has b(Mui shown (Mazumdar 1965), that tlu'. vhoh^ problem of dispiT’sion 
of waves in a magnetic plasma can be solved if one can find the various pro- 
perties of 8i,{7j) as a fumdion of v and Z. 

In tJiis report, we wish to study the asymptotic beliavioiir of the function 
8i,{Z) for very high t(‘mpia’auro and low magnetic field. In that case both v 
and Z assume large values, but v/Z remains small. From the result so obtained, 
we sliall recover the Avolhknown ('aso of zi^ro magnetic field. 

ASYMPTOTIC EXPANSION OF aSv(Z) 

It has boon discussed (Mazumdar, 1965) thatr the function 8t,(Z) can be 
thought as to belong to the family of Bessel's function. Calling v as the order 
and Z as the argument of Sy{Z), we necnl to find the asymptotic expansion for 
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largo order and argument. For tliis purpose, we follow the method of steepest 
desccmi. To do this, wo first transform the function Sp(Z) in a suitable form. 
Setting t = iw in oqn. (1), we get 

-<•0 

8y(Z) = i J ^ (3j 

0 

The contour of the integral (3) runs from 0 to — oo along the imaginary axis as 
shown in fig. 1. We divide this contour at all points which correspond to odd 



Fig. 1. Contour of integration in eqns, (3) and (4), 

multiple of tt. At each of these points we add and subtract straight line contours 
going to +00 in a din^ctiou parallel to the real axis, as sliown in fig. 1. The result 
is that oiu* (-ail write the furuition St,[Z) in the following form : 

[ oo“<7r «)-3<7r oo—bUtt i 

/ 4 - / +/ +•■ 

0 oo-(ir 00-3<>f J 

0 oo+<7r 

^ f cosh w-i^w r cosh ^ ^ (4) 

oo-i»r 2siuv7r a»-<Tr 

The form of the integrals in (4) is very similar to that of tlie integral r(^prcsonta- 
tion of the modified B(^ssel function of the second kind. Therefore, following 
Watson (1952), wo calculate tln^ asymi)totic expansion of Sy(Z) : 

Sv(Z) = ie^^a^(J/2, 3/2; oc^A) 

+ i L -i-"- 5 


= ™ same order. 


( 6 ) 
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In (^)), we have used the following : 

a -- sinh-VZ 
A — (Z/2) cosh a y 

B ^ cosh a— a siiih a. 


(fi) 


the quantities cc^ ’s are certain coeflSciciuts of expansion whoso values arc tabu- 
lated by Watson, (1052). Ht^rc we shall use only the and terms, wliieli 
have the following values : 

ao = (— i oosh a)~* 

2 tanli a 

a. = — 

3 cosh a 

TJie function (j) appearing in eqn. (5) is the eonfliuJiit hyi)erg(H)iuetric function 
(Erdelyi ei al 1053.) 

Eqn. (5) is tlu^ complete expression for tlu' asymptotics expansion of Sv{Z). 
This is a quite (toniplicat<Ml i^xprcssion, but in most cas(‘s of intenest the summations 
ov(‘r m can be replaced by their respective^ first tt^ms. For exam])l(^, in the case 
of liigh temperature plasma in a low magmatic field, th(‘ (juantity Z is very large. 
In that ease w(‘ are justified in using only the m — 0 tenu 

LOW MAGNETIC IMELD-HIGH TEMPER ATUKE PLASMA 



In tliis case, v/Z << 1. Hence from eqns. ((.>) and (7) we can write, 


ao v/Z; A ZI2+v^l4Z; B 1 - v2/2Z 




(i~^] • fl ^ j!/^ 


Using th(\se approximate? values, the quantities ^S'g, and whose sum 

is tlie asymptotic expression of S^.{Z) given in eqn. (5), can be calculated. The 
result is 


Si =* 3/2; v*/2Z)e^-''‘“/2^ 


S, 


3 




y/2 2 * 


( 8 ) 


and 


8,{Z) = 8i+8,+S^. 
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To clitM-k tlii‘ result of th(‘ asyinptotii^ expansion, wo shall now show that this 
valn<‘ of S„{Z) givi'ii hy eipi. (8) h^ads to the correot expression of the disporsioii 
relation for z(^ro magnetie fi(‘Id. It lias boon shown (Mazumdar, 1965) that th(^ 
dispersion law for plasma wav(^ for zero magnetie field is given hy 

-«2/c2+7„ = 0. (9) 

wlior<! 

[l+ive-.Sf.lZ)]. .. (10) 

f.>^ is th(' electron-plasma frequency. Using eqns. (8) and (10) we calculate the 
limit of for Wg— > 0, and then use the resulting expression in (9), This gives 
us tlui following dispersion relation : 

- ?2 + -c^ t 9 ^( 2 , 6/2; -v*/2Z)] 

y-r(l/2)co=> [ .. (11) 

Writing o) — Or+icOj, where < 0 f dcnotijs the real part of the frequom^y and o,* 
gives the imaginary part, and using the asymptotic form of the fumdion wc 
separate the real and imaginary parts of eqn. (11). The final result is 

cOr* ;= C0j,^+k^<V^>av’ 



whore <K^>*aD average eleetr^m sp(^ed and A/) is the wcll-kmmm Debye 
longlh. The. first (equation of (12) is the, dispersion relation in the familiar form, 
wheri^as the siMjond relation is tlu' well-known expression for Landau dampling. 

For a non-vanishing magrietii? field one can, in a similar mann(*r, calculate 
the dispersion law for liigli temperature plasma platted in a low magn<^ti(i field. 
It is also possibles to extend thi^ methoil for other values of the ratio v/Z and thus 
may cover a whole range of magnetic* field. 
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ON THE STRUCTURE OF COMPLEX SILVER 
QUINOLINE PERCHLORATE 
T. RATHO ANn MRS. M. KRISHNASWAMY 

IiK(JIONAL FnG 1NKKJUJS;0 COLRKCit:. J I < il'RR GI.A 

{ lUcc.ivt'd iJeovniboT H>, HMlIi) 

ABSTRACT. Tho Dobyo Solierier piitteiM of* Njiv^n- IN'r ( Lav h(uai 

sUuliocl uMil analysed. The unit dimoii-inns are IhufkI Io Im« a -= ir> l."» A, h I I.IH A, 
i:LOS A and p -= 07\47L There are Foui mnlecuU'^i n» Hie uinl cell. 4’he .-jiarc greu}) 
a-^sigiicd tu the er\^1al. 

1 N TK () \y\ i T1 o N 

Silver Quinoline perchlorate Ag[Cj^H,K|oCl()4 eryslals ai(‘ obtaina])le in a 
Diicrocrystalliue form, white in colour. The study of crystal structure of these 
(oniplex ligants throws light on their diamagnetic beliaviour. It is also possible^ 
to know something about th(i stretching foiT‘e constants betwt^tn tlu^ various 
o'roups of atoms in th(‘S(‘ molecules. As it is not possible to grow larg(‘ (Tystals 
\\(‘ hav(' tried to analyse th(‘ crystal by the wellknown powder nudliods. 

E X P K K 1 M E X T A 

(/opper radiation from a Machlett A-2 X-ray diffraction tube vas made 
monochromatic by using a Ni filter. The a})])aratns was running at 20 m.A. 
and ,‘10 K.\'. The tinely powdeaed specimen was contained in a Lindimiann glass 
capillary of O.Ol mrn. wall thickness and of 0.5 mm diameter. The Debye Scludrer 
pliotograpli was obtairu’d in a Rigaku carniTu of 9 cm. diameter. Tin* time of 
(‘X])osur(^ was 4 hours. In the usual manner the intej-planar distances witc cal- 
( ulated accurately. JVhdhods ajiplicabh' to the cubic, tc'tragonal and hexagonal 
systems were applied and the experimental data did not fit into any one of them. 
'riuT(ifore the crystal does not belong to the higher symmetry class. Th(‘ l^ipson's 
method (1949), when tried, did not give a good number of constant differences. 
Therefore the most general method of Ito (1950) apjdicabh^ to crystals of lower 
symmetry, namely, the monoclinic and the triclinic Avas applied. 

The experimental data relating to the d values and the corresponding Q 
values (l/df^j^r ^ Qfiki) are also givem in the table. All the six parameters were 
found by using the Ito’s method and the powdei’ pattern was indexed after AzarolT 
and Bourgor (1958). 

We have after the above method of Ito, 

Qhki = cos a*-\-2hlc*a* co& *6* cosy* 
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where a**", y* and and arc the rcciproca] angles and axes res- 

pectively. 

The first two refleetions of very weak intensity, aftta* some trials, could Ik 
taken as Qqoi seventh reflection was taken as losing the above 

formula it was possible to find out the reciprocal cell dimensions. They are 

a* == 0.06664 

== 0.08397 

c* 0.07714 

It then became necessary to examine the {hko)s (/?o/) and {okl) reflections lo 
select the reciprocal cc‘11 angles a*, /7* and y*. If a* and y ' weje taken to be 90 
then {hko) and {ohl) reflections could b(5 detected. Tlu'n^fore /y* was calculatru 
after studying pairs of {hot) and (hd) reflections after the equation 


cos /y* = 


Qhol ~Qhof 


The value of/?* so found was 82^^13'. Th(^ dir(‘ct cell dimensions are tluTefon* 
obtained from th(\se six n^ciprocal parameters as 

a == 15.15 A.U. 

6 == 11.91 A.U. 

c = 13,08 A. n. 
a -- 90^ 

/y ^ 97^47' 
y -= 90" 

The above dimensions were found to b<^ tlu^ nnluc^t'd (»k\s after applj^ing the 
Buerger test (1958). The above data speaks about the monoelinic strueturc' oi 
the crystal. After indexing all the powder lines in the light of th(‘ above formula 
the following conditions for the appearance of the liiu's wen*, found. 

hkl—wo condition 

hoi — no condition 


oho — k = 271 

The possible space group, therefore, is P2|/w — (72/i^* The observed density 
is 1.383 gms/cc. and the calculated density comes out to be 1.323 gms/cc. This 
gives four molecules per unit cell. 
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TABLE 


No. of 
linou 

Iriieiisity 

d A 

observed 

Qukt 

compiitod 

Indioos 

1. 

vw 

14.99 

0.00444 

0.00444 

iOO 

o 

vw 

12.97 

0.00595 

0.00505 

001 

.3. 

R 

8 . 024 

0.0155 

0.0160 

111 

4. 

m 

7.46^1 

0.0180 

0.0178 

200 





0.0188 

111 

5. 

s 

6.977 

0.0205 

0.0209 

2oT 

6. 

vvw 

6.511 

0.0236 

0.0238 

002 

7. 

vvw 

5 . 079 

0.0280 

0.0282 

020 





0.0280 

2ir 

c* 

R 

5.5.37 

0.0326 

0.0326 

120 





0.0325 

112 


H 

5.241 

0.0364 

0 . 0360 

202 





0.0372 

127 

i(K 

Tn 

5.021 

0.0307 

0.0390 

300 

1 L 


4 . 800 

0.0432 

0.0430 

2 1 2 

1J. 

V'VW 

4.603 

0.0472 

0.0470 

310 





(>.0471 

202 

].>. 

\'W 

4.314 

0.0537 

0.0536 

003 





0.0538 

103 





0.0537 

1 32 





0.0541 

212 

14. 

s 

4.131 

0.05H6 

0.0502 

122 

ir>. 

111 

.3.918 

0.0651 

0.0612 

222 

10 . 

vw 

3 . 640 

0.0751 

0.0754 

131 





0.0753 

222 

17. 

w 

3.457 

0.0837 

0.0837 

402 





0.0813 

237 





0.0836 

322 

IS. 

m 

3.3LS 

0.0908 

0 . 0904 

123 





0.0912 

223 





0 . 0908 

412 

10. 

w 

3.237 

0 . 0954 

0.0052 

004 
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TABLE — oontd . 


No. of 
linos 

Intensity 

— 

Qhki-^ld^ 

observed 

Qhkl 

computed 

Indices 

20. 

m 

3.077 

0.1057 

0.1052 

104 





0.1060 

303 





0.1062 

402 





0.1062 

33l 

21, 

w 

2 . 975 

0. 1 130 

0.1128 

040 





0.1123 

114 





0. 11.35 

331 





0.1 131 

313 





0.1130 

412 

22. 

m 

2 . 799 

0.1276 

0.1279 

51 2 

22. 

vw 

2 . 6ft3 

0.1410 

0. 1410 

403 

24 

vvw 

2.581 

0. 1501 

0.1507 

513 





0.1510 

414 

25. 

vw 

2.5J9 

0.1576 

0. 1574 

6oT 





0. 157.5 

1.34 

26. 

m 

2.436 

0. 1685 

0.1678 

305 





0 1687 

134 





0. 1082 

342 

27. 

m 

2 322 

0 18.54 

0.1854 

503 





0 1852 

i5r 





0 1819 

342 





0 . 1 8.55 

514 





0 . 1 856 

621 

28. 

w 

2 214 

0 2041 

0.2047 

433 

20. 

w 

2. 142 

0.21 HO 

0.2180 

144 





0.21S0 

351 





0.21S8 

343 





0 2187 

442 

30. 

111 

2.087 

0 . 229.5 

0 2298 

053 





0.2291 

306 

31. 

w 

2,034 

0.2418 

0.2424 

026 





0.2411 

514 





0.2419 

634“ 

32. 

w 

1.962 

0.2597 

0.2598 

061 





0.2600 

452 





0.2689 

416 

33. 

w 

1.909 

0.2746 

0.2747 

261 





0.2749 

61.5 
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TABLE— con td. 


No. of 
linos 

Intensity 

dX 

<ibsorvo(l 

Qhkl 

(‘ompntcMl 

Indices 

34. 

vw 

1.844 

0.2942 

0.2938 

360 





0.2946 

505 





0.2948 

354 

35. 

vw 

1 .791 

0.3118 

0 3121 

236 





0 3111 

435 





0.3116 

520 

. 36. 

vw 

1.729 

0.3342 

0.3335 

263 





0 334S 

363 





0.3.337 

651 





0.3344 

644 

37 

w 

1.676 

0.3562 

0,3556 

264 





0.3567 

255 

38. 

vw 

1.628 

0.3775 

0.3779 

264 





0 3777 

56 K 562 

39, 


1.689 

0 3958 

0.3951 

463 





0.3952 

526 





0 3062 

546 

40. 

w 

1 .5.59 

0.4116 

0 4112 

66] 

41. 

vw 

1 .513 

0 4372 

0 4367 

646 

42. 


1 .469 

(t. 46.33 

0.4634 

365 





0.4632 

045 
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ABSTRACT. Attrniptw havo }>oen mado to measiiro tho nuiximum lioat flux attaiiinLlM 
ill Hio muTo'ilo hoilijijT ranjjfo for di-«Mhyl oUior bniliii^r on horizontal platinum nod 

coppor tuboH. Tho flux shows a do])ondoiioo on tho diamoior of tlu^ healing surfaeo. WiHi 
smalltir diameterH of tho wire tho maximum lioat flux ineroasos. A full Nukiyama curve was 
also tried to bo obtained. Thougli only the nueloate hoiling range, and tho film iKaling cum 
radiation znuo wca’e ejcpiuimontidly tracod, th(> transition range; from mieloato boiling to stcadv 
libn boiling w«ih also possible to bo eonetnictod with considerable dcfinilent'ss. Kroin the 
data a value for tlio Lindonfrosb point for tho liquid has also been suggested. Tho lu*Mt 
transfer co(dli(‘itait at- any given boat flux has been found to increase with llw; diameter < [' tin 
heater wire df^ereasing. Moroovor, tho hysteresis effect has boon femnd also to doiTCMise wiHi 
tho diametor of tho boater wire doiToasing. 

IKTRODUCTION 

Tho present day heat exchangers arc being operattMl at higher and liiglKi* 
heat fluxes. Tlio nucleate boiling phenomenon is very inten^sting in such a cast' 
because it offers very high rates of heat transmission. As the temperature dif- 
ference between the heater surface and tho bulk liquid inert'ases, the rate of Ik'mI 
transmission gradually increases till it reaches a ])oint when suddenly the heat 
t]*ansfer coefficient drops to very small value. I^aiig (1888) wtis tho first- to report 
this suddiui drop in tho rate of heat transmission. He re])orted on a sea wahi 
evaporator operated under pressure and heated l)y higli pressure steam. Hi-s 
experiment clearly indicates that the overall coefficient attains a inaximum when 
tJio tomperatiux' diff(u*enc(; lies between 40 and 50~C and also sliows a deereuM* 
in rate of boiling as AT is increased beyond this value. The (‘-xpiTiinont of Pridgenu 
and Badg(*r (1924) on sea-water ova 2 )orators definitely show^ decreasing coelficic ut*^ 
at lomptaatiu'c differenct's in excess of 25^0. Numerous ('xperinienters ha\e 
report(;d also that overall coefficients increase with !^T lc‘ss and less rapidly as 
higher value of the coefficient are reached. 

Jacob and Linko (1933) obtained in tho case of water a maximum heat transfi r 
coefficient at a temperature difference of IS.S^'C. Any attempt to reach a higher 
t'funporature diffenuice caused the heater to burn out. How^ever, no report of the 
maximum heat transfer coefficient was available from their experiments willi 
Carbon terachloride. 

Moseiki and Broder (1926) experimented with a wire heater. They found that 
when the wire had attained a certain temperature excess over the surrounding 
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liquid, a slight increase in power input caused a suddiui rise in wire tcnijreraturc 
and nicltod the wire. Nukiyaina (19:W) took uj) the stejjs followed by Moseiki 
and IJrodcr and he seemed to be the fust man who realized that maximum rate 
of boiling might occur at a niodi'rate teinpeiature diffeieiice. He' boiled water 
at atmospherie itressure with eleci rically heated nichrome, nicki I uiid plal ijiuin 
wires of various diameters (0.14-0.757 mm) and, by measuring the electrical 
rrsistaue(‘ of the wire, determined its temperature for (lu- vaiious heat hjads. 
However using a platinum wire of 0.014 mm. in diam<4er Nukiyama, ua.s able U) 
obtain a boiling curve which is rejmxluced in moditied form in tig. 1 . .As the heat 
load increases the left hand branch of the curve is followed. At the j:)oint A, 
a slight increase in heat input canst's a .sharp rise in wire tcm})eratiu(‘ and th(' 



Wiif tomporaturo T (Walter iomp. = 100 (U 
Fig* I. Boiling enrvo of NtiUiyama. 

ojUTating point jumps to B. If the heat load is iiKU('as(‘d ^ (ill further the point. 
]> shifts to point I). But if the heat load is gradually di'erensi d the right hand 
curve is followc'd U])to C and then again a teiiiperature juiu]) occurs and the ^^ork- 
mg point shifts to the left hand branch of the cur\t . Niikiyania staled lliat the 
dotted portion of the curv(' represents an unstable region, luit ins ^\ork clearly 
sliows tfic existence of a maximum rate of boiling at a critical ti'iuja rature differ- 
ence of 40-50 t' for water. 

This nudhod of experiment has the disadvan1ag(^ that at higla r temperatures 
the wire sags and tin* triui heat transfer area beeom(\s susjieet as was T igldl\^ jioinU d 
out by tlie students of Prof. W. H. McAdams to Drew and Mncdlcr (1937). 

The experiments carried out on tlie line of Nukiyaina also offer in addition 
to the determination of the maximum rate of ht'at transft^r the mininnim tempera- 
ture of a stt ady sjdieroidal state for tlu' liquid. 

Moseiki and Broder found the limiting tempcaatiirc* tif t]u‘ wire to he. ind(^- 
l)ondent of the main body temperature of the liquid. This seems to indicate 
that the limiting factor is primarily the temperature at the luxating surface-liquid 
interface. Upto the brt'aking point the liquid adjacent to the y ing would, in all 
cas(‘s, be at the temperature of the latter, and the only essential change in local 
conditions caused by low ering of the bulk temperature would be a steepening of 
the temperature gradient in the liquid. 




618t 


S. P. Basu and D. B, Sinka 


Though nincli has been said about the nature and orientation of the surface 
on the overall coeflicient of it has been shown by Bercnson (1962) that Iho 
maximum nucleate boiling heat flux is independent of the surface conditions. 

I’lu' prescmt Hi‘t of experiments wcTt' undertaken to find data in the casti ol 
di-('thyl ether boiling on horizontal wires and tubes for investigation of the maxi- 
mum heat flux, the* critical temperature difference and the Liedenfrost point. 

Experiments were performed with jdatiiium wire heaters of 004 cm, .005 cm 
and 0.1 cm. diameter and thin walled (0.004") 3/16-th inch diameter copper tubes. 

Experimental apparatui^ 

H(‘ater : The construction of the tube heater (copper tube) was described 
earli(M‘ (Basu, 19()4). The heater cell using platinum wire as the heater was made 
on the sanu; lines as by Ahsmann and Kronig (1951). It consists of a tine thermo- 
pin t' platinum wire placed along the axis of a liorizontal cylinder made of brass 
The end plugs are made of perspex. The detailed construction of the heater cell 
is shown in the tig, 2. At one end, the wire is screwed to a brass l>lug, tittinp 



Fig, 2. Consimctional details of the lieator. 


closely into the plug and passing centrally through it. The other end of the wir(‘ 
passes through the centre of tin* end plug and is soldtired to a sjuing. This was 
dont' with a view to prevent sagging of the wire. One of the current h*ads is 
screwed to th(^ outside end of th(' l)rass plug and the other is soldcTod to the sj)ring. 
Th<^ potential leads were solder(‘d in the platinum wire and taken out through 
holes drilled in the j)lugs. The internal diameter of the brass cylinder was 2.1 cm. 
and rows of 1/8" holes were drilled all other the body so as to (uisurc the fre(‘ 
circulation of the liquid. 

The details of purification of the liquid was describiid earlier (Basu 1964). 

RELATION BETWEEN THE 8UKFACE TEMPERATURE 
OF THE HEATER WIRE AND ITS AVERAGE 
VOLUME TEMPERATURE. 

The temperature of the wire was measured by resistance thermometry. 
The luxating current was allowijd to flow through a series circuit containing tlic 
heater cell and a standard 0.1 ohm resistance. Then by comparing the potential 
differences across the standard resistance and the heater length between the 
potential leads the resistance of the heater (platinum) was determined at each 
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heat load. Then from the temperature coefficient of platinum the tempcTature 
()tlh(^ wir(‘ was d(‘t.ermined. The potential difierences were measured by a Diessel- 
liorst thcrmo(‘lecti*ic-free potontiometen* capable of mt asuring down to 0.1 micro 
\ f)lt. Tlie actual measuremcaits were takim dow^n to 1 micro volt only. The bulk 
t(‘inperatiue w^as measured by three welded typ(‘ single^ junction thermocouples 
( ( 'o])per-con8tantan) . 

The temperature measured in this way is th(‘ average' volume temperature 
()i‘ the wire. In our calculation we have* assunu d tliis teanpe rat uro to be etpial 
to the surface t('mperature following the lines of Sato vf al (19()2} wlu) have also 
.sliow n that for V(‘ry thin wires, as in our case, the av(‘iag(‘ \ olurne tenipta-ature 
is only slightly higher than the surface temporal 

In the boiling range the tcunjH'rature change (^T) of th(' heater w ire is small. 
l\a unit length of the platinum w ire heat balance is givtai ])y , 

— 27rk - (lr— 27 Tlcr - dr — 2nQr dr ... (1) 

dr dr^ ^ ^ 


uiu'i’c' T = temp, of the platinum wire at radius r, 

K -- Tliermal conductivity of the jdatinum Avin' and 
Q — Heat produced per unit time per unit volume. 
Boundary conditions here ar(‘. 



at r — 0 


—K ( - - ) = T/f), at r — r, (surface) 

>\her(\ ft = heat transfer coefficient at surface', 

Ts =-- Surface temp, of tlu' AAire and 
Tb == Bulk temi). of the licpiid. 

Under these boundary conditions, equation (1) reduces to 


. 9 (,• 2_,.2).L _L7' 

4K ^ ^ ^ 2h ^ * 


( 2 ) 


where is the radius of the wire. 

On the other hand, the avei’age volume temperature is given by, 


Tv = 




f 2nTrdr = 
0 


Qri^ 

SK 


+ 


Qrt 

2h 


+Tn 


( 3 ) 
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Putting in equation (2) T = Ts for r == 

T. = fj- +T. 


Therefore, 


Ty~Ts = 


Qri^ 


.. (-i) 


Now Q, the Jieat produced per unit time per unit volume, and q, the heat ilux 
ai’c related as 



So, equation (4) becomes. 


^r^Ts- 1^. .q ... r,) 

Equation (5) nna})les one to calculate tlie «urfac(^ t(‘iup(‘rat ure. From lh(‘ above 
equation it is also evident that the> dc])artui(‘ of the siirfae(‘ tenqx raturc' from tl»(‘ 
average volume Uanijeratun; is a maximum when tlie lusxt tlux g is a niaxinuiin. 


R E S IT L T S 

Experiments wore performed with wires of platinum of diameter 0.004 cm 
0.005 cm,. 01 cm. and thin walled co]>per tubes (wall tliiekness .004") havii g n 
diameter of 3/l(>tli inch. 
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In the present sot of experiments the vaiuen of critical heat flux, the critical 
at and the maximum heat transfer coefficient are obtained for di-ethyl ether 
boiling on horizontal platinum wires. Data are also presented for ether boiling 
on horizontal copper tubes, The value of heat iransf(*r coeflicient is only stated 
in the latter case at a particular value of heat flux. 

Fig. 3 shows the boiling curve obtained with platinum wire of diameter .01 cm. 
In this case the heat flux was increased and the curve ABC!) was traced and then 
the temperature jump occurred and th(‘ operating point shifted to K, Decreasing 
th(^ heat flux the curve EFGH was traced. 

Fig. 4 gives the boiling curves for .004, .005 and 01 cm. diameter win^s. The 
maximum Invat flux valuers in those eases were slightly below that at which the 
temperature jump occurs. The hysteresis effect is present in all the cases. For 
decreasing values of heat flux the curves become almost straight lines. 



Fig. 4. q/A V8 At furvos. 


Fig. 5 show the variation of heat transfer co(*fljcient h, with AT for .004, 
0.005 cm and .01 cm. platinum heaters respectively. 

Fig. 6 shows in the case of 0.004 cm, 0.005 cm, 0.01 cm diameters, the nature 
of variation of heat flux with T in the radiation zone to the nucleate range across 
the unstable film boiling region drawn to the same scale. 

Table 1 shows the difference between the average volume temperature of 
the wires, as measured in our experiment, and the surface temperature of the wires. 
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Fig. 5. h V8 At furvow. 


380 



Fig, 6. q/A vs At' curves. 


Tablo II shows in a condoiiscd form the different n^sults obtained in oin 
experiment. 


D 1 s C IT s 8 1 () N 

From th(^ present set of experiment it is clear that when heat flux is inen ased 
the valiu' of AT at which tlie ternperaturei jump occurs may be differeiii 
for heater wires of different diameter but after the temperature jtimp to th<' right 
has occurred and stable film boiling has set in, if the heat flux is now decreas(^d 
step by step gradually, then at a characteristic value of AT another temperature 
jump occurs and the operating point is shifted to left now to a point in the nucleate 
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TABLE I 


Heal, flux 

{Tp — Tff) ‘F for 1 hiMtci vvir 

rs <>r ( i 

Bl.ii/lir.fli 

1.312xlO-«f(. 

1.04 .. 10-Ul. 

3.2.S :j0-4n 

r>0xl03 

0-02008 

0 0251 

0 fF)()2 

JOOX 103 

0.04016 

0.0502 

0.1004 

ir>oxi03 

0.06024 

0 (»752 

0 1500 

200 X 103 

0.08032 

0. I0(U 

0.2()0S 

2 r>o X 1 03 

0.1 (XJ4 

0 1255 

0 2510 

400X103 

0.1000 

200S 

0 1010 


TABLE II 

ITi'jii ti'ansfi'i* 



Diamelor of liontpr 

ft. 

Hoal flux 

Bln /hr. ft^ 

V 

iff) 

Bill /hr. fli^' 

1 ) 

1 31 2 10"^ (Pliit iiniinl 

232.07 >'103 

20 . Oti 

7004.3 

3) 

1.04 ,^10“» 

215 27 <103 

3S 11 

5001 5 

4) 

3 2S xlO-4 

176.20 'lOo 

72 70 

2(24 5 

4) 

I 502 x 10-2 

42.1 <103 

IS 0 

2230 0 


bc’iiling range of the iKnling curve, ^"his v^aluo of A7^ is. bowc'ver. found to ])e 
almost indcpeiubuit of the diaincdor of the wire and for ( tluT ])oiling on liori/.ontal 
platinum wires assumes almost a constant value of about 1 lO F \\ ilb w ir(‘ dianu'tc'rs 
decreasing the l)oiliiig curve becom<‘S mon‘ and inor<' ste(‘p, tbr beat transf(*i* 
eoehiciont has gn'atcu’ values Avith thinner wires for tlu‘ sam(‘ lu'ut lliix. 1'h<»ugh 
m the reverse ease wluui thicker and thick(T wires an^ tala n ll)(‘ b(‘at transf(T 
eoethcumt falls but after a certain value of the dianu'ter, tbi' c-oi llieiiait a]>])('ars 
t(» become independent- of the diameter. Th(^ n^ason may b(‘ that with very thin 
wires the bubble diameter at detachment becomes eompaiaf>l(‘ will) the dianu‘t(T 
of the wire. I'lu? reason is augmented from tlu^ t‘X]MM inU'ntal (Inding tliat as (be 
Avire dianuiter decreas(\s the hysteresis loop also deen^ases in siz(‘, i.e., th(' A\ire 
bi^comes less and less su])(Theatcd. 

Lot us consider the family of boiling curves sliown in the Fig. 7. In a cooling 
operation in the radiation region the initial o])(‘rating points of tb(‘ curves in a 
decreasing ordcu* of heater wire diameter are 1). J)' ( te. For (airvi' (1) as the heat 
flux is decreased, the operating point gradually shifts to (\ At this ])oint the 
temperature jumps and the <) 2 )eratmg j)oint sbilts to li. As th(' b(‘at flux is de- 
creased further, the curve BA is traced. Th(' j)ortioii AB is a region of stable 
nucleate boiling while CD represents stable film boiling, radiation occurring across 
the vapour belt. The point C is the point at which stable film boiling begins and 
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it appears from the experimental run, to be characteristic for a particular heater- 
Ii(juid combination. The nature of the dotted curve BC could not, }iowov(m . 



bo ascertained from tliis particular set of experiments. The Liedenforst point 
should, however, lie somewhere between B and C. 

Prom the nature of the curves it is suggested that when the wire dianuirr 
is zero, i.e., in the case of a volume-hcated liquid, tho unst able region shown dottcil 
in the experimental curves should vanish. Moreover from the given exporirru’nlnl 
curves what is Found is that the range B to C shortens symmetrically as th(‘ wdv 
diameter di^creases. Tliis, however, enables one to eonstruet th(‘ iiiivstahle d('tlM5 
region as a eloso approximation as shown in the curves. Tlu' Li(‘denforst ])oliit 
whicli is eharae.teristie of the liquid and ind('pendent of the heate r wire diaiiK teis 
in all probability, therefore, corresponds to a value of Ar lying betweeui B and 
B' and B" and etc. but is the same ])oint. This in the case of di-otliyl 
etlier is found to he LhTT. 
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ABSTRACT. The magnetic BUHcepl ibility and anisotropy of diffTcnt ty])esof a -Si(\ 
i)ii‘ wollknown higli iomporatiiro Homicondii<“t.or, htivo l)(oii inoasnrod at romii loiuparaturc. 
T1 m> ty ])08 of the samples were identifiod by X-rsys and ubsorvation r^f r^doui'fc and tiio n^adls 
of nicnsurcmonts have boon explained in the light of tlioir (Tyslal hlna tun's. It has hem 
found that some of the samples ai'(‘ diamagnetic and others are fn'e])ly Iitt. niagii(‘li<-. 'flie 
In 1(1 variation of tlio fiTromagnotie sampler have been studied holli 1 m>1ow .ijrd alK.\'o satuie- 
(loii ]>oint and rnagtie'ic^ suseo])tibdity of the paramagnetic part luis been doha'iiuiied then'- 
(run. 1’ho tonijierature variatioTi of mngiua.ie susceptibility n.nd anis(»tro)>_N ol two v.umuioo 
I, I dumjaguetic samplos have been measured from 90°K to lOOthK. Though tlic -iis< <‘{)t iluiii v 
eonsidiTiibly with tcm]>erature (lie aiiisoli'v'py itauams ahiuij-t i(ie midk*. The 
h'liiponuuro vimatioii of susceptibility upto a certain tiuiipcralure obeys the lelatmii 
_ AF 

X ' D(lcTf c 2A;r with a = — i- 


I N T B O D C T I 0 X 

Silicon Carbide, the M'Cll-known high tomprratun‘ Rt micondiiolor is obiainecl 
in Hovoral polymorphous modifications, one of wdiieh is cubic and is calhtl /i-SiC 
while the otlu'rs are hexagonal or rhombohedral and an* termed as a-SiC. 'Jda' 
different modifications are obtained by tlie different slacking se(j\u'nces of close st 
packed plane layers fornu'd by silicon and carbon atoms for tlH‘ lliret' j)Ossible 
stacking positions, the different typos being classified aiaording to tlu' ninnber 
of layers needed to complete the stacking setiuenccs (Azaroff liHiU). 

These crystals which are mostly obtained commercially shoM' different body 
colours arising probably from the jirosenca* of ditlerent foreign iii)])uriti(\s lik(‘ 
iron, aluminium, boron, magriosium, phosjjhorous, sulphur, fluoriiuh eojtper, 
nickel, zinc, antimony, nitrogen, vanadium, titanium etc (Knippi^nherg, 19C3, 
Mellor). The best commercial grades are either pale green or jfKale yellow Mhile 
the less purer grades are black or deep blue. Pure silicon carbide which is more 
difficult to prepare is transparent and almost colourless. 

The electrical conductivity. Hall effect, Optical (1959) and other allied pro- 
perties (Busch, 1946, Busch et ah 1946) of silicon carbide havti been extensively 
studied over wide range of temperature (SO^'K to 1400°K). Results of thc .se 
measurements have been utilised to ascertain its different electronic parameters. 
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But its ma.mi(‘ti(‘. piopcrties whicl^, it is wellknown, can furnish useful information 
ret^arding the elect i onic behaviours of such substances and t he measurement of 
wJiich arc IVcc' tioin soriu^ major experi mental difiiculties encountered in electricfil 
measurement (mainly contact difficulties) have not yet been seriously investi- 
gated. One tinds only a preliminary report on some measurements on magnet jfj 
profHTti(>s by Sigamony (1044) at room temperature alone, complete only for a 
grcMUi vari(‘ty of tin' crystals, ^^'hieh obviously are inadequate for a theoretical 
analysis, W(‘ have tlu rcd'ore st udied the magnetic properties of different varic- 
ti(‘.s of jz-silieon (‘arbid(' crystals oviT Avhle range of temperatures and thc‘ j>res('ji( 
eiimmunieat ion gives a ])r(4iminary account of such measurements with sonic 
crystals of Jt-SiC. 


t: .X V EKl M K N T A L 


The 

ComnKn eial varit't y oi' silicon carbide crystals were obtained in the form 
of blocks from Switzerland through the kindness of Prof. G. Busch of 
Zurich. Thes(‘ were cut into s(|uaie or rectangular plates with diamond wIk'cIs 
avoiding contamination during (Milting. Pricn* to any magnetic, nieasurenniit^ 
the sainpk^s w(‘re t (‘steal for Ukmi* structures by X-rays. 

Magyuiic Mea.wremenLs : 

The magnetie nu'asurennents consist of two parts, measurement of anisotrojiy 
and that of susceptibility, 

A ti isotropy 

Magmatic anisolrojiy was measured by the method of critical torque w(‘]l 
staiidardizc'd h(M(i (Krisbnan and Banerje(\ 193()). For measurements at high 
toin})rratun‘s the specimen is suspended in the tubular electric h(‘aier having non- 
inductive windings of niehrome win*, the y>ole pkaajs of tlu^ field magnet being pio- 
teetfal from tin' heal by x)roviding a water jaek(‘t round t]n‘, h(‘ater. Interior oi 
the expeniiKMital chamber was alwyas evacuatcnl to maintain the same conditions 
as for suscefitibiiity iiK^asurements. The t(‘mp(‘.raturt‘s w(M*e measured with a 
ealibiated Pt — FiRli thermocouple. Since silicon carbide normally lias a W(‘ak 
diamagnetism, wliich is expected to be temperature sensitive at higher temp(‘ra- 
tures only, measurements below room temperatures were taken at some fixed 
points only, namely, at the boiling points of liquid nitrogen (or oxygen) and 
melting point of carbondioxidc. 

Measurement of susceptibility 

Tlie magnetic susceptibility was measured with a Jewell-pivoted micro-balance 
described earlier (Das, 1903). Only modification that has been made in the pre- 
vious arrangements is that the optical lever method of observing the deflection oi 
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the balance has been replaced by a photo-cell method, which lias considerably 
increased the dcflectional sensitivity of the instnimerit. For both high and low 
temperature work the balance case along with the experimental chamber was 
always evacuated. JLhis evacuation was particularly necessary at high tempcra- 
tiiics to prevent the disturbances due to convection currents. Evacuation at 
low temperatures was done only to maintain the uniformity of experimental 
conditions. The method of production of high and low temjieratures and their 
measurements were the same as already deserilx'd in tin* easc^ of anisotr()f)y 
m(‘asiirements. The crystals were attached to the suspimsion sysimn with zinc 
oxyphosphate cement which stands very high temperatures and at. tlu^ sam(‘ time 
feebly diamagnetic. The crystals are always suspended with th(^ (0001) plaru^ 
vcTtical. The procedure for measurement was the same as described in an 
earlier jiajier (Das, 1963). 


RESULTS 

When crystals of SiC, usually diamagnetic, are suspended with (0001) planes 
v(‘rtical in a uniform magnetic field, in most cases they s(d. \v\ih (0001) plane 
jK'rpi'iidicular to the field indicating that gm. molecular suse('])t ibility along 

tli(‘ c-axis is algc^braically greater than Xl that along directions in the (0001) plan(\ 
Therefore the principal gm-moh^cular magmTic anisotropy of the erystal is 
^ experimental values of Ay and X\\ diffennt specinuais 

iudex(Ml A, B, C, D, E, F, G, H and 1 are showui in Table 1. Any deviations 
from observations as stated above are also indicated tlu^ro. TIkj values of field 
independent average susceptibility and anisotropy as found by Sigamony (1944 
are given in the same table for comparison. It is observed from the tabh^ that 
the anisotropies are not very high and hence the correction for tht^ effect has to 
he considered. When the magnetic field is perfi'ctl}’ homogeneous, effect of shape 
is iK'gligiblc (N^^o 1957). But due to iuhomog(uieity of the field, an extra couple 
may act on the specimen while determining the anisotropi(‘S as w^ell as the sus- 
c('ptii)ilities. In anisotropy measurennonts homogeneous magnetic field was 
used and thus tlu^ shape? effect was negligible. In case of susee'ptibilily measun'- 
monis magiKitic field was intentionally made inhomogeneous but the gradient was 
along the vertical direction while field was horizontal. FurtluT the shape of tbe 
crystal was such that the principal shape direction and the principal suse(?ptibility 
directions were coincident. So there will be no shape effect on the values of sus- 
ceptibility determined. 

In contrast to other samples, the samples D and G show field dependent para- 
magnetism, specimens always sotting with tlieir planes along th<^ fi<'Id. Measured 
anisotropies showed a marked difference in vahu'S for different din^ctions ot rota- 
tion of the torsion head and also showed field dc'pendence obviously due to fer- 
romagnetism. These have not been included in Table I. The part of the principal 
8 
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TABLE I 


Sample 

Colour of 

1 tlie saniplo 

Cr^^stal class 
of tlio sample 

Orientation 
of the 
c-axi.s w.r. 
to the field 

AXX 10^ 
per 

gm.mol 

XiiXlO® 

per 

gm.inel 

Anisor- 

ropv 

per .cent. 

A 

Vale groon trans- 
parent. 

Hexagonal 6H 

a = XOTA A 
(• -- 15.08 A 

C-axis 

II to field 

0.91621 

-10.618 

8-1% 

F 

] Jgbt green trans- 
parent. 

Ifexagonol 6H 
a = 3.073 A 
<■ = 1.5.08 A 

C-axia 

II to field 

0.93111 

-12.060 

7.6% 

T 

Deep blue trans- 
parent. 

Hexagonal GH 

a — A 

c = 15.08 A 

C-axia 

II to field 

U.S7140 

-10,370 

7.1%, 

C 

Blaek Opaque 

Hexagonal Oil 
a = 3.073 A 

c = 10.08 A 

C-axis 

II to field 

0.90312 

- 7.331 

n.3% 

\[ 

Deep green trans- 
parent. 

Hoxngniial OH 
mixed w'ltli 
Blioinbohodrnl 

C-n xis 

II to field 

0.7780 

- 7.321 

9 

K 

Light, green tran.<i- 
parent . 

Khoinbohedral 

21U 

a = 3.073 A 
e = .52.78 A 

C-axis 
|| to Hold 

0. <130, 51 

- 6.739 

14. 0^. 

1^ 

Black Opatpn* 

Bhombohedral 
mixture nf 

I5JI and 3 IB. 

C-axis 

II to field 

0.82l'7!l 

- 4.200 

17.3“., 

I> 

Yollowisli green 
transjjaront. 

Hhoinbohedral 

15B 

= 3.073 A 
c =- 37.70 A 

C-axiH 
to field 


Xx - 

123.744 


G 

Deep blue trans- 
parent . 

Hexagonal 011 
a = 3.073 A 
(■■ 15.08 A 

C-uxis 

to field 


Xi =- 
20.035 


Sigainoriy’e groon Rumplo 



Average 
value of 
AX per gm. 

mol. ~ 

0.82 X 10-® 

Xi pergiB. 
mol. = 
-13.1X10- 

6.4% 

-6 


susceptibility which is independent of the field, have however, been calculated 
from the slope of the linear portion of saturation region of the intensity-field 
curve. 

These values represent the susceptibilities for direction in the (0001) plane 
and may therefore bo called Xj. • Temperature variation of Ax and ;<;i| of sampler 
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A and B have been studied, as two typical cases from 90°K to about 1000'’K 
and are shown graphically in figures 1 and 2. Study of temperature variation 
of other samples is also in progress and will be publislied in a future communi- 
cation. 



T"lw 

1. Tompnniturn variation of HiiRooptibility (Xn) anisotropy (Ax) of sample — A 

• P^xporimeiital values of X|| X 10® 

O Thoorot inilly calculated values of X|| X 10® 

A Anisotropy (Xir-'Xx )X JO® 



T°K-> 


Fig. 2. Temperature variation of susceptibility (Xn) and anisotropy (Ax) of sample — B. 

• Experimental values ofXnXlO® 

O Theoretically calculated values of XnXlO® 

4 Anisotropy (Xn—Xx ) X 10® 



530 


£>. Das 


i) I S C U S S I O N 

As aln^ady stated, the present samples of SiC being of commercial variety 
contain different impurities and hence show various body colours (tabic I). Iri 
addition tliese may also have crystalline irn^gularities in them. So when discus- 
sing the properties of SiC cr}mals due consideration should be given to these fuels. 

It is evident from Table I that the values of A;\;, the gram-molecular magm tie 
anisotropy of the different samples of a-Sic studied by us arc small as compared 
to the values of graphite, molybdenite etc. (~1 X 10® C.G.S. e.m.u.) though tlu' 
percentage anisotropy is pndty large 17% in some cases). These low valiu's ul 
A;v ean (easily be accounted for from a consid(Tation of the structures of difJei * id 
types of SiC. It is avoII known tJiat the different polyty 2 )es of SiC crystal original (- 
due to differ<^nt slacking sequences of the hexagonal silicon and carbon Jay<'ts 
(Jagodziiiski et al. 1959). These stackings again seem to follow only such se({U(‘iKM ^ 
that keep eacdi silic^on atom surrounded tetrahedrally by four carbon atoms and 
vice versa (Taylor ct al. 1959). So the different polytypes of SiC, cubic, h(^\aene;d 
or rhombohedral may be considennl to be originating from the difhaencc’s in tla 
arrangfunents of those tetrahedra (Taylor et al 1959). In hc^Kagonal and rliomho- 
hedral forms the deviations of arrangements of the tetrahedra from the eiihi. 
variety is found to be very small, the interatomic distances being nearly tin*- simic 
as in the cubic variety (Choyke and Patrick, 1959). To trace the origin ei 
anisotropy one is quite justified t-o think that, the stacking sequence will caui^r 
a distortion in the tetrahedra (which for convenience is being considered as k* 
jieating unit) which will effect both X\\ and Xl and Imnco Ay, One would 11 i(M ( Ioh 
expt^ct the anisotropy to be small in magnetic and other ])roperties of \ 

tals (hexagonal or rhombohedral). It is further evident from Tabh^ T that almost 
all the samples (exc(q)ting samples* 1) and G) are diamagnetic — tlu^ 8usce])tibilii> 
yii for different samph^s varying from —4.2x10“'® C.G.S. e.m.u. per gm. mol. ttj 
— 12. Ox 10~® C.G.S. <^m.ii. x^cr gm. mol. This variation has therefore to he attri- 
hiit.(‘d to the differences in th(^ nature and amounts of impurity contents of thi‘ 
different samples as also to crystalline defects, in addition to the distortion in 
th(' tetrahedra mentioned above. It may be pointed out here that magiudie 
anisotropy of the above mentioned aamplos (except T> and G) will remain unaf- 
fected by such foreign impurities and one should expect the same value of Ay 
for all the samples but for differences in the distortion of the tetrahedra . Table 
I shows that the values of Ay of all the samples are of the order 0.9x10“® 
C.G.S. e.m.u. per gm. mol. excepting for samples B and H where admixture of 

dilTorcnt structures arc found present. The percentage anisotropy shows larger 
variation. But it should be remembered that in percentage anisotro2)y the mean 
suscei)tibility is also a factor which, unlike anisotropy depends on many other 

* Tho^o show hold dr^pendeot paramagnetism duo evidently to the nature of the impurity 
cnuto'itH, and am excludfKl from present diBCiission, 



Magnetic Studies on a — Silicon Carbide, etc. 


631 


factors as also on the distortion of the tetrahedra as stated before. This might 
cause the large variation in percentage anisotropy. Even then tlie l('ast value of 
tli(^ poi’centage anisotro])y in the table is not very small showing that the amounts 
ot distortion produced iu the tetrahedra arc (|uitf‘. appreciable. 

From figures 1 and 2 we find that Ay's for samples A and B arc practically 
indei^endent of temperature and the values of yu’s for both the samples increase 
with temperature, the rate of increiimnt being liighcu* at higher temp('ratur('S. 
This indicates tl\at will also increase' with temperature m'ai ly at th(i same rate 
as yi|. This t('mperatiire dcy)cndent diamagnetism has obviously to be ascribed 
to the diamagru^tism of thermally produced frf'c charge carric'rs. But to account 
tor t he observed v^aliios of the susceptibilities, one should kt'C'j) in mind the sugges- 
tion put forward at the beginning of this section, namely, tlu^ crystal contains 
hoth foreign i!n])urities aiid crystalline defects. Tlie observed susc(*pti])ilities 
may therefore be considered to bo the combination of contributions of tempc'ra- 
ture i!ide])endent diamagnetism from the crystal as w('ll as from foreign impurities 
anel defects, charge carrier susceptibilities due to intrinsic excitation as well as 
duo to impurity levels and paraniagnetic contribution of the imj)urities. 

Therefore the observed susce^ptihility Xoh» ~ Ao i AV I~A<’'1 Xp ’V'^here aV 
y<;' are tiio charge carrier susceptibilities a'o. the temperature' ii\de‘pendent diamag- 
nctie susceptibility and a'/)» flic paramagnetic susceptibility. Tlie values of Xn 
auel Xp are e*st imateel in a manneT sugge'ste^d b^' Tbiseh ei al. (lOhO). Fe)r the' charge 
carrie'i* susceptibilities Busch cf al. (lt)0.*l) pro])osf‘el an exponential vaiiatioii with 
(ceuperature'. We ac(;ordiugly tried to explain the iompe'rat\iro variation of the 
[>art of the susce'sptibility due to charge carrier, and obiainenl a relation of the type 

y = D{kT)^e 2kT wliere D and a are constants and iXE is the activation energy. 

'Jho observed values of the susceptibilitie's can be exjdaiiied with the. following 
values of IJ, cc and AF. 


TABLE II 


Sainy>lo 

D 

a 

tiE in o.volts 

from elec.triaal 
oo]iclu(!t ivit \’ in o. volts 
(Busch,' 1946) 

A 

2. 6808 

- 1/4 

0.3196 

0.304 

B 

2 . 8r)03 

- 1/4 

0.4557 

0.270 


The values of A£' may be compared with those obtained hy Busch (1946) 
from electrical conductivity meaau rein cuts with samph's having almost similar 
body colour and structures. It should hoAvcver be not(^d in this connection that 
though the agreement between the observed and calculated values are fair at low 
temperatures, at higher temperatures the differences between the two sets of values 
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arc quite appreciable (fig. ] . and 2). It may be due to the fact that the extrinsic 
and intrinsic contribution could not be separately estimated. In order, therefon*, 
to explain the observed magnetic properties of these two samples as well as other 
samples extensive studies of the magnetic and allied properties of SiC have been 
undertaken and Avork is in progress. 
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ABSTRACT, This papor deals with tho toTsioiial vibration of non homogonouus thick 
spliorical and cylindrical shells. Non-homogeniety arisc's due to vanal)lt» density p and 
rigidity Modulus p. Tho laws of Jion-homogeniety are and m The froquoncy 

equations are given and numerical evaluation of roots are presented for some particular cases. 


INTRODUCTION 

In this note some problems of elastic vibration of non-uniform and non-honio- 
geneous thick shells are investigated. In the first ease we sliall consider the tor- 
sional vibration of a spherical shell in which r ™ a and r ~ b arc internal and ex- 
It rnal radii of the shell respectively. Both inner and outer houndarit's are free. 
In the second case we shall consider torsional vibration of a cylindrical shi'll with 
c and d as inner and outer radii. We have taken sanu^ yiou er law variation of 
clastic constant and density of the material composing tliiek shells. 

Case 1. If wo suppose that the components of displacement Hr and ar(.‘ 
zero and that tho azimuthal comjionent w{ = is independent of (/) we have 
components of stress in spherical polar co-ordinates as 


A = 0, rr 60 = (f><p rd = 0 = /a ^ ^ 7 ] 

The stress equation of motion satisfied by w is 
d in . 1 d ^ 


T OU “ 


dr 


di^ 


( 1 ) 


(2) 


Let fi — and p = pof* 

Then •" 


633 
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SubBtituting (3) in thcequation (2) we get 

ir»-i _(„4-2)r«-*w j 


I? +<»+2)>'’ s, 


L w " m +‘* “ ">“] “ 


52w 


For rotatory vibration of the shell, we assume 

Uf ~ 0 liffy = o> = /(r) sin 
Then (equation (4) reduces to 

rY"(r)4-(n+2)r/'(r)+{AV~(n+2))^^^ = 0 


where 


/^o 


The solution of equation (5) is 


f(r) = r -2 [jJ,^,(Ar)4-5r„^3(Ar)j 


( 4 ) 


»+i 


So 


6) = r 2 (Ar)+i?r„^^ (A;) 


sin 


Boundary condition : Wo assume that ^ 0 when r == a and r ^ h 
Now (j>r = fi^r^ \ 


3<‘> CO 1 

r 


L dr 


-- - //,Ar'2» ^ (Ar) + /?7„^,. (Ar)l sin 

2 2 

From (7) and (8) wc have 

^•^«+5('^«) + ^^»4.r.e«) = 0 


n4-r > 

2 


^J„,,(A5)+J57„^,(A5) = 0 

2 


?L±^ 

2 


Eliminating -4 and B from from (9) wo have 


rt+5 (Aa) 7 m-j^{Xb) T 

n+5 (Aa) = 0 

2 " 2 2 2 


("I 


m 


(9) 


( 10 ) 


Equation (10) gives the frequency equation of torsional or rotatory vibration 
of the spherical shell. 



Nofe on Torsional Vibrations of non-Homogeneous, etc. 635 

C(isA 2. In case of thick cylindrical shell, taking the axis of the cylindrical 
siicll as the axis of z and assuming m = w — 0 and v is independent of 0. we have 
stress components in cylindrical co-ordinates as 

rr — 00 = zz — rz ~ 0, Oz ~ ft ^ ^ rO ~ /i.r ^ —'j ... (1) 

Equations of motion in terms of displacements are 


f Jt4- ^ f rd-\- - {rr—00) = pu 
or r oO r 

f - pv 

dr r dO dz r 


-T- ^~+ ■ 1/j ^~ + 1 

dr r aO oz r 


pxr. 


... ( 2 ) 


H' we assume /t = and p ~ p^f'^ where //„ and /j,, are ecjnsianls and substituie 
(H in (2) we find that tlu' lirst and tliird equationr of (2) are identically satisfied 
and the second equation gi\es 


r» +r” —(n-\-\)r^'--v —■ ri' 

dr^ dr dz-- 

Assuming v = C cos yz the equation (3) reduces to 


(3) 


'dr3' 


+(n+l)r -J- + ( -7*] r*-(n+l) ) F = 0 (4) 


Solution of equation (4) is 


!'(>■) = r ^ \ AJ n (Ar)-f-i?l'n (Ar)"] 
L “2+1 2 '*' j 


(.")) 


where 

n 

Therefore v = CcoQyzr (Ar) ••• (6) 

The boundary conditions are 

fe = 0 when 2 = 0 j 

= 0 when Z = L, L being length of the cylinder I ^ 


9 


rO = 0 when r = c 
= 0 when r = d 
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First condition of (7) is satisfied. From second condition of (7) we have 

ICTT 

y = whore k is any integer ... 

Now 7o = —n^r^\^AJ „^^{Xr'^ciosyze'f* ... (()) 

Third and fourth conditions (7) and (9) give 


Ad) = 0 

Eliminating A and B from (10) we have 


( 10 ) 


J n (Ac) F » .-(Ad) «/n.|2(Ad)F V +2 (Ac) — 0 

2 2 2 2 


This equation gives the torsional vibration of the cylindrical shell. This equal inn 
(11) and equation (10) of case 1 are of same form. 

m "71 

Putting Ac = o> and Ad = i/u, +2 = m 

h 


SO that 



(11) can be written as 


*^»n(?“) d„(<>)) 


( 12 ) 


It is known (from Gray and Mathews, 1931, P2()l) that the ,9-th root in ordtT of 
magnitude, of equation 




'tf > I 


is 








whore 



a = 


4m2— 1 
87 


. _ 4(4m*-l)(4ma-25)(^3-l) 
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O' = 32(4^^^^- l)(16m<-456OT’^+1073)(7'>- 1) 

6(87)%-]) 

Roots of tho equation (12) have been calculated for n — 2 and for different values 
of i.e. for different values of the ratio a/c and arc given in the following 'I'ablc 


TABLE 



c 

d 

.26 

.6 

.75 


d 

4 

2 

4 

3 



-0 .867 

3 .708 

9 .754 



2 .453 

6 .616 

19 .025 



3 .453 

9 .654 

28 .394 


R E V E R E NOES 

(trny and Matliows. 1931, A Treatise on Bessel fnnr.twns, London, pp. 261. 
Lovo, A. E. H., 1920, .4 treatise on the mathematical theory of Elasticity. Oxford. 
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SCATTERING. CHARGE DENSITY, MAGIC NUMBERS 
AND BORN-APPROXIMATION MODIFICATION 

A. K. DUTTA 

Physics Department, Oalotitta University. 

92, Acharya pRAruu^A Chandra Road, Calctjtta-9. 

(Receiucd June 9, J907) 

ABSTRACT. TIio r.in.H ratiii of niidoi, with z protons arc detorminod closely in , 
of the binding energy per inndeon without coulomb and asymmetry energies. i'n L. 

ing from t he rghor side, it is observed that- the form factor ^"'(< 7 ) for light or heavy nuclei, (t i»»i - 
xnijiod from experimental <s(6) values for high energy electrons (Hahn et al 1950) and p- tju 
clau'go scattering aAf(< 9 ). is reprosenl able by ii simple relation, suporja.sod will» small tha Ki.i 
tioxis. With the help of Born’s approximation the F(q) relation is transfunnivi into an expji , 
siuii f(U* p, which gives a simple relation for r.m.s radii »>f jiiiclei, consistent with tliat in 
of ^7%,. The expression for p, so dictated hy foi“m-fa<‘tor data and Bom’s a}»proxiin.o i> n 
requires a normalising factor A^, wlios(* reciprocal must necc>ssarily measure the fact 01 (■ I.. 
associated with Born’s approximation, when applic'd to nuelcu. The fluctuatii ns siqicqu 
on the basic relation feu* the form-fat* t(*r givi srisc’ to variations of cliarge densit witli mcMiriM 
at proton contents which are magic numbers. The relations determining basic nu< Icar ( luio « 
toristics are all oxpros.siblo in terms of 

It lias been .shown (T)utta lOhfi) that tho hindiii^ onorjiv ]M'r nncloon .!l 
without cohiiuh and asymnn-tiy ciio’gy '-orrocl ions, di-tonninos many imili'a- 
cliarai'h'riMtidS satisfactorily. It i.s consiih'rod to he a nicasnri' of the intci'u’i- 
cJcoiiic force and is exjircsssed as : 

/i!„<>(A ) - 0.399 In (4.654 X Mov. . I i > 

The optinuun jjroton nuiuhor Z„(A) in isoharic nucleii is detoniiined hy tie- rela 
tion, 

Z„/.4 0.842 exp(- - 0.059 . . f-) 

It may he com])arod witli the inass-fonnula relation (De Beiidetti, 1964), 

ZJA ■- (1.98+0,015.4^/V . . 

.Similarly, tlie conlomh ottergy A) per nucleon, of strong!}'’ hounded irict i 

corre.spoudiiig to ecpiivaleut uiiifonn radius, is determined hy the relation, 

^ 1 -524 X 10-2 exp (0.236 jB„») . . i‘^) 

The expression for r.m.s. radius ‘a’ as {2jr>)^'^e^.ZQ^I{A.Ug„^), gives us, from 
(2) and (3), 


‘a' = mZIE„«) oxp( -0.295 

538 


( 4 ) 
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In tiiblo I, the experimental valuers of Z„ estimated from tal)l(\s (Konig et nl, 1902) 
are compared witli the values ealeiilatcd fi-om equations (2) and (2a). Tabh* 
ri erniipares th(‘ ealeulatod an<l ex])erimental r.m.s radius ‘u’ (Hahn, et al 1950). 

TABLE T 

{Zq in isobaric nuclei) 


A 

13 

21 

31 

61 

73 

111 

139 

175 

197 

209 

236 

245 

Zo(oxpl) 

6.4 

10.1 

14.6 

23.0 

31 .9 

47.6 

57.1 

70.3 

78.4 

82.4 

91 .7 

96.0 

Zo(oqii2) 

6.7 

10.3 

14.7 

23.0 

31 .9 

46.6 

67.1 

70.3 

78.3 

82.6 

91.9 

95.4 

Zu(nq2a) 

6.3 

10.0 

14.6 

23.6 

32.6 

47 7 

68 3 

71 .6 

79.2 

83.3 

92 . 1 

96.6 


TABLE II 


(r.m.s. radius *a’ in fm) 


mu *10113 


(J12 

Si20 

Sri.J 



(«, r>o 

\^,U5 

Sbl2^ 

AuiO' 

T*b208 

Bi209 


1.6J 

2.37 2.93 

3 04 

3.19 

3.62 

3.69 

3 83 

4.60 

4.63 

6 32 

6 42 

6.62 

a(oriJi 4) 

1.49 

2.36 3.00 

3.17 

3.32 

3.01 

3.67 

3 . 83 

4.03 

4.62 

6 32 

6.41 

5 46 


IS by m'»(lifio(l ivlatj m (Duttn lOOi.i) fur smull ; Zo valuo isuHod. 

Validit.y of eqn, (I) for all nuclei, as seen in Talde TI, implies a geiuTal form 
of ex])!‘es.sion for niich'ar charge diuisity and el<M*trou scattering. To arrive at the 
charg(‘ d(‘nsity (^xpre^ssion search was made for a suitabh* expn‘Ssion tor tlie form 
factor Fiq) t(‘ntatively calculatcMl from experiniental (t{0), (Hahn (( aL 195(>) by 
relation, 


\F{q)\^ cr{0)l(rM{0)\ 


(Tm[0) = 


/ Ze^Y cos2(6>/2) 




It was o])S(;rv('d that the fonu factor for diffenuit nuebu rl(s*reaso eitiuu' expo- 
jumtially witli q or by the relation (a+/?ry^)“^, with an ap])arently ])(u io(lic function, 
suptTjiosed on tlie decreas(u The (exponential form of F{q) would nMpiire by Born's 
approximation, the cliarge density to be detcn’miiKsl by (a4“/?^")~“- would 
giv(^ us a div(wg(*.nt (‘Xprtvssion for r.m.s. radius V/\ It is t]u‘reIor(‘, consid(uvd 
that the basic (‘X^wession for F(q) is of the form (a+/?(/‘‘^)““ Avlii('h obtains p[r) as 
an exi)oneutiany di^ereasing fuiKition of r. Tlie values of F(q) ^ for Co, In, and 
Au plotUsd against q^, in Fig. 1, justifies the eonsidoration. It is also considered 
that the term in addition to (a-t-/?r/2)“2 to determine F{q) is of the form (l>(q)lq- 
The (/){q) values are plotted in Fig. 2 and show Gaussian distri])utiou of points at 
the positions of maxima and minima in Fig. 1. 
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The cause and nature of the superposed maxima and minima^ may be corre- 
lated with tlie fact that some nuedei, with particular charges, which are unrelated, 



are comparatively more strongly bound. The underlying principle of tlu^ shell 
nuKlel is that in heavy mudei, sub compositions with these cdiarg(\s are mon? strongly 
l>oiind. By iin])lication they should have larger charge densities at unrcdaUd 
values of r. ThivS is expected to be reflccttHl on the general nature of the lonn 
factor expression as observed. 

For c()iT(^spodcn(*e with the nature of the form-factor characdcristics, we use 
Born approximation at this stage and put the charge density expression, as 

p{r) r= p*exji(—rlro)±{p*lr) S i:,±cxp(— r2/4r<*).sm (g<r). . . (6) 

= /9*exp(— r/ro)[l+^(»’)]- 

= Pj-\-pil- 

where r„, n and ki± have the diraensiona of r{fm) and q tlvat of r“"(/m). Hencn 

‘a2’(r.m.a) - . . (7) 


F(q) 


H?rp* ro» I 

(i+j-oV)* 


. S kt±ri [exp{-r<*(g-g<*)}.-exp{-r,2(g+«?i)*}]- 

9 i 


(a+/?g*)» ^ 4g 


S<A:<± . exp{— r(»(g— g<)»} 


.. ( 8 ) 
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where, =- 1 ./>*«« iH>t normuliml, ., (8a) 

and exp {— r(*{g-+ 5 -j) 2 }, is neglected in comparison witli exp qiY\. 



0.6 1.0 1.5 

gxl0-*a 

Pig. 2. (^{q) against q, 

9(^)-= {P(g)-(a-f^p2)-2|^ 



Pig. S. cr(d) fli.g4in^ ^(Hahn et al 1966) 
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Tho ]mruiiit‘tors a and ft and honcc'. r^, and />* and the sots of paranioters hi, 
fji and ?v, in table Tfl, are d(‘b^niiinod from Figs (1) and (2). They give us, in 
aocordaiK^o \ritli equations (d) and (8), the ar(0) values for electron scattering. 
Tlio cahiulatod values of cr{0) shown in Fig. 3 by continuous linos. The ex- 
poriineutal points on it agree well in all oases. The evaluated parameters 
qi, make the second t<‘.rms in the numerator and denominator of oqn(7) for 
‘a*’ insignificantly small. Thus, in view of equns (7) and (4) 

‘n; - ^0 = ZIE^^ exp(-0.295£'^<>)/m, (9) 

TABLE III 

Parameters 


Go 

In 



An 


ro(fm) 

a(fm) c*XlO“3® Toffm) 

a(fm) 

p+x 10-30 

ro(fm) 

a(fir ) 

11.13 1.118 

3.S73 S,00r» 1.309 

4.533 

7.382 

1 . 560 

5.404 

k,±xl0”» 

rf(fm) k, q<(tm)~^ 

ri(fm) 

X1013 


ri(fm) 


+ 8.39 

0.675 

7.50 

+ 6,88 

0.512 

12.16 

-t 7 . i 5 r > 

0.372 

10.38 

- 2.76 

1.000 

8.78 

- 1.72 

0.760 

15.69 

-0 005 

0.620 

24.46 

+ 0.71 

1.324 

11.43 

+ 1.43 

0.980 

14.00 

+ 1.420 

0.810 

14.56 




- 3.21 

1.312 

6.94 

- 1.920 

1.064 

10.14 







- 0.683 

1.416 

16.60 


The charge (hmsitics p{r) and pi(r) as also the variations from basic donsit 3 ^ 
pi{r) measured b^^ ^(r) and <y///=^=(?*), a constituent of 5(r), havt* becm calc^ulatcd b^' 
equation (0) and are sliown in Fig. 4. The ^(r) and values show maxima at 
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particular values of for different nuclei. The expression fur basic charge density 
f,j{r) determines the average charge Z(r„), eontaineti upto by the relation 

Z{r„t)IZ = f r* oxp(-r/ro)dr/ /" o^:^(-rjrMr. 

0 0 


=- 1— (l+r^/ro+r«*/2ro®) cxp( -r^/r^) .. (lO) 

The calculated values of Z at corresisjuding to Sir) and Sju+ir) niaxijiia are 
iK'ar 20, 28, 50 and 2,8, 14 respectively, for the nuclei Co, In and An, indieah'd in 
Fig. 4. The charge values are mostly the magic numbers, whore stronger binding 
was expected. 

To normalise the charge density, we have 


1 = NAn I r^p(r)dr = 


( 11 ) 


since the 2nd term in etpiation (6) has insignificant contribution. Thus in view 
of (Mjuation (Hd) tin' normalising factor iV a® arid the nonnalisod charge (h'li.sity 
at r ~ 0, is 


PON = N'.p* 


1 

SttV 


( 12 ) 


!t implies that the Born approximation value of obtained from p{r) requires 
In bo multiplied by a numerical factor 1 /a® to <ioiTe.spond to F{q)„ calcrdated by 
c(j[uation (5), where, 

^’('?)n/-^(S)B = 1/a® = 1.618xl0-aexp(0.205£7„0) = A.U^^f>l(Z.E„^) ... (13) 

Nuidear characteristics are, thus, determined by the relations ; 

P{r) = Pojvl exp (-r/ro) ± S (ki±lr) . exp (-r2/4r<2) .sin (<?,?•)] 


PoN == l/(«^ro®); a^r.m.s.) = 12.ro*. 


F(q) = (47r/a®g). / r.p{r) sin iqr)dr; <r((9) — fraf(0).F{q)^. 

0 

1/a* = 1.618x10-*. exp (0.295 E„») = 0.981.J.r.V/(^ £^„®). 
ro = 10M{ZIE„«) exp (-0.296JE/„»)/w. 

10 



544 


A K. thiUa 


= 1.524 XlO-*oxp (0.236V)- 
ZjA = 0.842 oxp(— 0.059 V)- 
V = 0.399 In (4.654 X 10<.^«).Mev. 

The irregularities determined by k(, r<, are unpredictable. 
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AN IMPROVEMENT IN THE TECHNIQUE OF TIME 
MEASUREMENT 
B. N. BISWAS 

(Received Marchy 16, 1067) 

It is needless to reiterate the importance of pulsed sinusoidal oscillations 
(Biswas r/* al, 1966) in the measurement of time interval between two recur- 
rent events (Chance, B., et al.y 1949). The common technique utilises passive 
resistance-capacitance network for shifting the phase of the wave and basically 
uses this phase-shifted pulsed sinusoid in some way or other for the aforesaid 
purpose. In such a case the accuracy of the measurement is impared because of 
the appearance of transients at the output of the passive phase shifter. The 
technique described here depends on the principle of operation of a Phase Locked 
Pulsed Oscillator (PLPO) (Biswas ef, ah, 1967) (fig. 1) which is essentially a 



^R{KQ) -► 

Fig. 1, Typical block diagram of a Phase Looked Pulsed Oscillator. 

non-linear feedback control device. It consists of the pulsed oscillator together 
with a reactance modulator, a phase detector and a low-pass filter network. The 
use of such a feedback arrangement helps in achieving continuously variable 
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phase-shift of desired amount producing transientless output (waveform) and at 
the same time maintaining the frequency of the pulsed sinusoid at a constant value. 


M7 VJ 


FHA^-MILCIOR 


r 

L V-PAhS F/UCR 
1 //;/// AC ij>c 
I uAW 


VOITAGE eoNTKO- 
LL’CD FJ!~rip. QhC 


Fig. 2. Graph showing the variation of phase shift of the pulsed sinusoid with the variable 
load in the filter network. 


To understand the mechanism of operation of the PLPO in physical terms 
(McAleor, 1959), let us assume, to start with, that the frequency of the local pulsed 
sinusoid is equal to that of the incoming reference oscillation. Then the output 
of the phase detector, a multiplicative device, is a d.c. voltage that dc'pcmds upon 
the static phase difference between the reference oscillation and the local pulsc^d 
oscillation during its on-period. Tliis d.c. voltage controls the instantaneous 
frequency of the local oscillation through the low-pass filter network, in g(merak 
having finite d.c. and a.c. gains. Thus any attempted change in the value of tlu* 
frquenc}^ of the pulsed os(;illation during it.s on-period will be first felt by the xihasc^ 
detector as a phase difference and this produces spontaneously a change' in th(‘ 
phase dct('ctor output d.c. voltage that manages to hold the frequency of tl]C‘ 
local oscillations to a constant value. It is to be noted that during the off-period 
of the pulsed oscillations, the local oscillator will have a tendency to fly off from 
the locked frequency because of the removal of the control voltage at the out put 
of the phase detector. But it has been seen by the authors (Biswas, 1964; Bisv as 
et. ftL, 1967) that a proper design of the filter network can counterbalance 
this deletrious tendency of stepping aside of synchronism. Thus the phas<‘ 
transients at the output will also be negligibly small. 

With such a system continuously variable phase shift lying between +60'' 
and —90° between the input and output of the PLPO can easily be produced. 
Tlioorotical treatment of the subject is not given hero for economising the spacf‘ 
but the experimentally observed values and the theoretically computed valiu's 
from our equations have given in fig. 2 for comparison. It is seen that they arc in 
quite good aggroment. It may be noted that the departure between the experi- 
mentally observed data and theoretically computed values is due to the mismatch 
between the variable load, phase detector and the reactance modulator. This can 
be eliminated by introducing proper balancing arrangement in the system. If 
one is interested in the phase following behaviour and noise squelching properties 
then it is suggested that a proper design of the filter network and an appropriate 
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choice of the gain parameter of the system can serve that desired purpose (Biswas, 
1966). 
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SPACE GROUP OF O BENZOYL BENZOIC ACID 


M. L. KLNDLT S. 0. CHAKEAVORTY 
Department of Physics I^uudwxn University. 1>iri>w\n, \V3*S'I’ Benoal, India 

{Peceivrd May '2i. 1967 ) 

Tho or 3 ^stals of o-bcnzoyl benzoic acid, (chemical formula C 6 H 5 COCfiH 4 COOII 
and m.p. 127‘'C), obtained from its saturated solution both in absolute alcohol 
and benzene hy slow evaporation, are transparent prismatic ni^edles. Crystals 
from alcohol show, in general, eight faces about the ni'edle axis, but those from 
benzene show six faces. The preliminary optical stud}" of a crystal was carried 
out with an optical goniometer and since all the faces did not giv(‘ prominent reflec- 
tions, interfaoial angl(\s could only be measured approximately. 

The axial lengths, a — 7.71 A, b — 8.2HA and c — 9.05A were determined 
from the rotat ion photographs about the proposed [100]-, [010]- and [001]- axes. 
The zero-level normal beam weissenberg photographs wen* also taken about these 
three axes. From the symmetry of the weissenberg photographs and other consi- 
derations it was confirmed that the crystal belongs to the trielinic svstcuii. The 
positive directions of a, b and c axes with the condition a < b < c, were chosen 
according to the standard practice in right handed sy stem. 

The angles between the faces (100), (010) and (001), obtained from the zero- 
level weissenberg photographs, are 

a* = 76^ /f* = 96^^ and y* == 92^30' 

The values of the axial angles, calculated directly from these values with the help 
of standard formulae, are 

cc = 103^50', = 84°26' and y = 88"56' 
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The axial lengths calculated from weiss enborg photograph are consistent with 
those obtained from rotation photographs. The calculated values are 

a = 7.72A, 6 = 8.27 A, c = 9.93A 
Tho volume of the unit cell (V) was found to be 609 A®. 

The density of the crystal, measured by floatation method using a mixture 
of carbon tetrachloride and benzyl chloride, was 1.29gm/c.c. The number of 
molecular units per unit cell {Z) was found to be two and the measured density 
is consistent with the theoretical density obtained from the X-ray measurement 
on the basis that Z = 2 and V = 609 

Since the crystal belongs to the triclinic system, no systematic extinctions 
are possible and this was also confirmed from the indices of the spots on the 
weissenberg photographs. Hence the space group of the crystal is eithei’ 
PI or PT. The presence of centre of symmetry in th(‘ unit cell was confirmed 
by the statistical tests of tho intensity distributions of okl and hot reflections. 
For this purpose, the integrated intensities of the X-ray reflections were esti- 
mated visually by comparison with a standard graded intensity scale. The 
intensities were corrected for Lorentz and polarisation factors. The results 
of tho statistical tests applied to okl and hoi reflections are shown in the fig. 1. 



Fig. 1 — Intoiifiity distribution rurves ffir ()-bonzyl benzoic arid. 

A. A' -theorotical ac^entrio, theoretical centric, 

oxperiinc3ntal hypercentric for old reflections, 

C' cxporimeatal hyporcentric for hoi reflections, 

A', B' and C' are displaced 40% vertically. 

Ordinate— iVr(Z)% , Abscissa- Z% 

Results show that the experimental curves are hypercentric in nature. Further 
Wilson’s ratios for okl and hoi reflections were found to be 0.640 and 0.600 res- 
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pectively as against tho theoretical value 0.637 for ccntrosym metrical crystals. 
So, the space group of the crystal must be cenirosymmetric i.c. PT. 

Hypercentric nature of the intensity distribution curves not only shows the 
presence of centre of symmetry in the space group but also indicates the presence 
of a molecular centre of symmetry in the structure (Lipson ct, at, 1952). 
But for this particular case, the presence of molecular centre of symmetry does 
not follow the chemical structure of the compound . Molecular centre of symmetry, 
in this case, may be explained on the basis that two molecular units in a unit 
cell form a dimer and centre of symmetry of the dimer thus coincid(»s with that 
of the unit cell. 

Further work is in progress. 


R E F E R E N 0 LO 

Lipson, and Woolfson H., M. M., 1962, Acta Oryat., 5, 680. 
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RENNINGER EFFECT IN QUINAIDIC ACIP 
M. Y. KHAN 

Depabtmekf or Physics, University of Gorakhpur, Goraki pur, India. 

{Received April 26, 1967; Resubmitted July 7, 1907) 

While the study of space-group of quinaldio acid was made some weak reflec- 
tions different from the nature of the normal ones w^ere observed in the position 
(105) and (105). Thus their presence w^as a hurdle in ascertaining the space- 
group of the crystal. A critical study of the space-group and extinction condition 
was made which reveals the origin due to double reflection from a pair of strong 
plane (Srivastava 1957). 

The forbidden reflection s (106) and (105) was not accompanied by its usual 
CuK^ reflection using unfiltered CuK radiation while other reflections are accom- 
panied with the usual CuK^ reflections. The study of the reflection conditions 
of the reciprocal lattice confirms the presence of Renninger's reflection (1937). 
The mechanism of the formation of double reflections can be understood by 
constructing the reciprocal lattice for this crystal. As an example we shall consider 
the forbidden reflection (106) in details. 

The unit cell dimensions of quinaldic acid (Khan, 1967) were determined by 
oscillation and Weissenberg photograph by standardising the camera diameter, 
sud from a consideration of the high angle spots (where K<tx(i 2 doublet is well re- 
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solved). These are a == 9.77, b = 5.97, c == 28.00 and monoclinic angle /? = 90°25'. 
The reciprocal lattice for the equational layer of [010] is shown in fig. 1. taking 



Fig# 1. Spberefl of Befleotion on Reciprocal Lattice. 

= 0.158782, 6* = 0.25826, c* = 0.05606 and /?♦ = 89°35', for CuK« radiation. 
The circle of reflection for different layers projected on the equatorial layer were 

drawn with their respective radii on transparent film with common diameter to 
represent the incident beam, traces of which are shown in the diagram. Th(5 radiiui 
of sphere of reflection has been taken 5 cms. One of tlie junctions of the diameter 
with the equatorial layer circle of reflection is the origin of the reciprocal lattice 
and the film rotated until the circle corresponding to the equatorial layer passes 
through the point (106). Then it is found that the second circle (Radius i2i) passes 
tlirough the point B(21). Thus it appears that the reflection (105) is caused by 
the reflection from pair of lattice planes, one plane of the pair is (217). This 
graphical coincidence has been ascertained by analytical test because there arc 
other coincidences also. 

ANALYTICAL VEB IF I CATION 

It is convenient to express the required results in polar-co-ordinates. The 
equatorial circle is of unit radius and always passes through the origin and it is 
also passing through a point ^(r, d). The co-ordinate of the centre of the circle 
(7 be (1, a) then the equation to the circle is 

r/2 = cos (a— 0) (1) 

For this, a = 5+cos~^(r/2) (2) 

Lot P be any point (r^ 6^) fig. 2, the distance of which from G is Then the radii 
of the circles produced by intersection of the reciprocal lattice layer with the sphere 
of reflection are calculated from AP0C7, 

s=s l+rj*— 2ra cos (a— 


( 3 ) 
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Polar co-ordinates of the point has boon calculated from the reciprocal lattice 
(fig. 1). For the point ^(106), r = 0.31903 and 0 = 29^48'. Then from Equn. (2) 



a — 110°36'. For (217), with reciprocal lattice co-ordinates (2,7) and polar 
co-ordinates (rj Oy) in the plane of the first layer, wc have 

= 0.4984; 8^ = 39°16' 

Therefore from Eqn. (3) = 0.9648. 

Considering this from the consideration of co-ordinates given by the relation 
Rn = cos v„ == cos (Sin“-^{;„) 
where = ^6* 

Eqn. (4) gave the value of R^ = 0.9664, which is in good agreement with the 
above. 

If {hkl) are the indices of the forbidden reflection, and {h^k^l^) and [Kk^^ 
those for a pair of lattice planes contributing to the formation of this reflection, 
then the pair can be found from the following relationship (Lipson et. al., 1963) 

Ji = k = 1 == 11 + ^2* 

Hence the pair which contribute to the reflection (105) is (217), (lI2). Similarly 
proceeding with the reflection (IO 5 ) we concluded this is formed due to pair, (21?) 
(112). This interpretation has been tested analytically by calculation of o values 
(Speakman 1966) for the two sets of reflections. However, intensities of these 
forbidden spots were found to be in reasonable agreement with the expected 
estimates from their contributors. 

Results : The study of the indexed reflections of the Weissenberg photograph 
it has been found that all (hkl) reflections are present. The systematic absences 

11 
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are (hoi) with 1 odd and (oko), no conditions. The forbidden reflections are (106) 
and (105) are found due to double reflections. Hence the space-group G*n—P2lc 
for quinaldic acid is established. 

The author wishes to express his thanks to Prof. D. Sharma for takitig 
interest and Dr. P. Srivastava for suggesting the problem and helpful guidance 
throughout. The award of CSIR fellowship is also gratefully acknowledged. 
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RAMAN SPECTRA OF CH2C12, CHCI 3 AND CCI 4 AT 64^K 

P. K. BISHUI, D. K. MUKHEIIJEE aki> S. C. SIRKAR 

Indian Association for the Cultivation of Sc tence, Calcutta-32 
(EeceAved November 21, l‘JC6) 

(PLATE 6) 

ABSTRACT. The Raman spectra of crystals of molhylciio fhloridc, chlon)form and 
(uirhon iotrachlorido at CI'^K have been investigaled using liciuifi nitrogen boiling under reductMl 
]>ri^ssurc as tho r(*fngeraiit and in the case of chloroftain the spectinjn of tlu' crystal at — 120”C- 
lias also boon invest igatod. A comparison has been made of thc'se spectra with those for 
the crystals at 93'Tv. In the case of mothylone chloride the changers undcagono l)y some of 
Ihc Raman frc^quoncios with tho ioworirig of tempera tiiro to C4'iv indicate sliglit incroaso 
ill the Cl-(J-(d angle and als<» foimation of intermolecular H. .01. bond. In the case of cliloro- 

fomi the chaiig(»K indicate transformation of tho phas(‘ of tlio crystals in the nnige — 12(>°(^ 

ISO^^O and also formation of similar H . .01 liond. In tht‘ (^ase of carbon tetraclilorido no 
ii])prociahle change takt^s place in tho Raman frequencies, but each of the linos 700 and 
7H9 tin*"! seems to bo sharper and tc^ have a doublet structure at (>4'’K. 

T N R O D U 0 T T O N 

Tho Rairiau spectra of chloroform and carbon tetrachloride in the solid state 
at alniut — ISO C wore investigated long ago by Sirkar (1930) and it was observed 
that som(' of the frequencies of chloroform undergo changes with the change of 
state while those of carbon tetrachloride remain unaltered. He also observed two 
low-frequency lines in the spectrum of solid chloroform and one such line at 85 cm*^^ 
ill th(^ case of carbon tetrachoride at about —180^0. Subsequently, the Raman 
spectra of a large number of ardmatie compounds in the frozen state at diff(‘rent 
low temperatures were studied by several workers (Ray, 1950, 1952; Biswas, 
1954, 1955 and others) and some changes in the positions of the low-frequency 
lint^ with the change of temperature of the crystals were observed. More recently 
Sirkar et ah (1904) studied the Raman spectra of frozen benzene and carbon di- 
sulphide at — 209“C and observed slight shifts of some of the low-frcqucncy lines 
from their positions at -180"C. The lines were attributed to angular oscillations 
of tho molecules in the crystals, tho restoring forces being provided by intcrmole- 
cular hydrogen bond-formation in the case of b(uizene and to formation of poly- 
meric chains by the molecules in the case of crystals of carbon disulphide. Ito 
(1964) also studied the spectra of chloromcthancs at n°K. The behaviour 
of simple molecules of substituted methanes in the solid state at as low a tempera- 
ture at — 209*^0 was not known and, therefore, it was thought worthwhile to study 
the Raman spectra of methylene chloride, chloroform and carbon tetrachloride 
at “-209‘"C in order to find out the nature of intermolecular forces acting in these 
crystals at such low temperatures. 
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EXPEBIMENTAL 

The experimental arrangement used earlier by Sirkar et aL (1964) was used 
in the present investigation also. Liquid nitrogen boiling under reduced pressure 
was used as the refrigerant to obtain a bath at — 209"C. Tlie liquids used were 
of chemically pure quality and they were redistilled under reduced pressure. 
Kodak 127 panchromatic films were used to photograph the spectra. In order 
io detect small changes in the positions of the Raman lines care was taken to 
photograph the comparison spectrum of iron arc without any lateral shift whicli 
could be detected by comparing the relative positions of the 491 6A line of mercury 
and the 4919A line in the iron arc specti um. The Raman spectra of the subs- 
tances in the liquid state and in the solid state at - 180 ^0 were also photographed 
with the same spectrograph on other portions of the same roll of film in order to 
find out whetlier there was any change in the redativ(^ intensities of the lines. 
In the case of chloroform the Raman spectrum of the crystals at about —120^0 
was also photographed. 

R E 8 U L T S N E I) 1 8 ( • V S SION 

The Raman lines observed are given in Tables J, II and ill and some of the 
spectra arc reproduced in Figures 1, 2 and .‘i, (Plate 6). The results are dis- 
cussed separately for the three substances in th(^ following sections. 

Methylene chloride 

The Raman spectrum of this compound at —IbO^C was studied previously 
by Mazumder (1949). He observed slight changes in the Raman frequencies. 
The frequencies 287 and 1158 cm* ^ were found to increases to 293 and 1164 cm''^ 
respectively while the lines at 706, 737, 1424 and 2988 cm““^ were found to shift 
to 702, 730, 1413 and 2983 cm~^ respectively. Table I shows that at — 180"C 
a new line 94 cm“^ is observed and except the line 745 cm“^ all the other lines 
have almost the same frequency-shifts as at *—160^0. It appears that with the 
appearance of the new line at — ISO^'C the line 737 cm~^ of the molecule in the 
liquid state splits up into two lines at 730 and 745 cm~^ respectively. When 
the temperature of the crystals is reduced further to — 209°C the line 294 cm"^ 
appears to be broad, but on closer examination it is found to consist of two sliarp 
components at 291 and 296 cm~^ respectively. Further, the frequency-shifts 
745 and 1165 om'~^ increase respectively to 748 and 1168 cm~^ while the line 
1415 cm““^ does not shift any further. Ito (1964) also observed the splitting of 
the line 737 cm~^ in the case of the crystals at 77°K, but the splitting of the line 
1158 cm~^ observed by him is not confirmed in the present investigation. 

The assignment of the lines due to the CHaClg molecule was fully discussed 
by Herzberg (1946). The lines 287, 706 and 737 cm'’^ are due respectively to 
C-Cl deformation and to symmetric and asymmetric C-Cl stretching vibrations. 
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The slight diminution of the frequencies of the symmetric stretching vibration 
and increase in the frequencies of both deformation and asymmetric stretching 

TABLE I 
Methylene (Aloride 
Av in 


Li({uid 


Solid 


-]60“C 

(Mazumder, 1949) 

-180°C 

-209T 



) 94 (Ih) 

94 (lb) 

287 (8) 

293 (3) 

f 294 (2) 

291 (0) 

296 (1) 

706 (10) 

702 (5) 

j 700 (5) 

700 (5) 



. 730 (0) 

735 (0) 

737 (2) 

730 (0) 

74.7(1) 

748 (1) 

1158 (lb) 

1164 (1) 

116.5 (0) 

1108 (0) 

1420 (3) 

1413 (2) 

141.5 (2) 

1415 (2) 

2988 (10) 

2083 (5) 

29.S3 (5) 

2983 (5) 

3056 (2) 

3058 (2) 

30.56 (1) 

305G (1) 


vibrations indicate that most probably the Cl-C-Cl angle increases a little in the 
solid state at — 180®C. The Raman line 1168 cm“^ has been assigned to the tor- 
sional oscillation and increase in this frequency with solidification indicates pro- 
bably the formation of weak Cl. .H bond in the solid state. The fact that the 
frequency further increases to 1168 at 64°K corroborates this conclusion, 
because such a bond becomes stronger with the contraction of the crystals at the 
lower temperature. 

As regards the C-H osoillatfons, the . lino 1424 cm~^ which has been assigned 
to the deformation oscillation shifts to 1416 cm“^ in the spectrum due to the 
crystals at — 180®C and remains almost in the same position upto 64°K. The 
lines 2988 cm~^ and 3066 cm“^ due to C-H stretching oscillations do not shift 
appreciably with the lowering of temperature of the crystals. The change in 
the latter two frequencies with solidification of the liquid is also negligible. Hence 
it appears that the H-C-H angle does not change appreciably with the solidifica- 
tion of the liquid. The slight lowering of the frequencies of symmetric deforma- 
tion and stretching oscillations may be due to slight weakening of the C-H bond. 
These facts together with the increase in the frequency of torsional oscillation 
probably indicate that weak intermolecular H . . Cl bonds are formed in a direc- 
tion perpendicular to the H-C-H plane. 

The new line 94 cm~^ is sharper at — 180°C than at — 209°C, The line 294 
also splits up into two lines at the lower temperature. These changes may 
be attributed to the asymmetry of the intermolecular forces in the unit ceU at 
64"K. 
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Chloroform. 

Table IT shows that when the liquid is solidified and cooled to about — 120°C 
the line 3019 cra“^ due to C-H stretching oscillation shifts to 3008 cm~^ and the 
lino 1210 cm~i splits up into two lines at 1208 cm~^ and 1224 cm“^ and a now 
line at 95 cm~^ appears in the spectrum. The changes in the former two lines 
can be explained on the assumption that weak intermolccular H . . Cl bond is 
formed in the crystals at this temperature. When the temperature is lowered 
to-— 180” C a single line at 1232 cm”^ appears in place of the two lines mentiom^d 
above, the line 95 cm“^ splits up into two lines at 76 cm”"^ and 97 cm"^ respectively 


TABLE TI 
Chloroform 
Av in cm“^ 


T.iniiirl 


Solid 



-J20‘X'^ 

- 1 80°C 

-•200"’O 



76 (lb) 

78(1) 


or, (2b) 





07 (1) 

OH (1) 

261 (10) 

261 (2b) 

260 ( 1 ) 

260 (2) 



li74 (1) 

274 (2) 

.m-) (8) 

367 (4) 

368 (4) 





371 (3) 

668 (8) 

670 (4) 

672 (r>) 

676 (4) 

761 (4b) 

760 (2b) 

752 (2) 

752 (2) 



766 (0) 

766 (0) 


1208 (0) 



1216 (1) 





1224 (0) 

1232 (1) 

1234 (1) 

3019 (3) 

3008 (4) 

3016 (5) 

3014 (5) 


and the line 3008 cm”^ shifts to 3016 cm~^. This latter spectrum at — 180”C 
was discussed by one of the authors (Sirkar, 1936) long ago. The results of the 
present investigation, however, show that probably a change of phase of the cryst al 
takes place when the temperature is lowered from — 120”C to — 180”C, because 
the frequency 3008 cm~^, instead of diminishing slightly, increases while the two 
lines 1208 cm“^ and 1224 cm”*^ are replaced by a line of higher frequency-shift 
at the lower temperature. The line 1204 cm^^ observed by Ito (1964) in the case 
of the crystals at 77”K is not observed in the spectra of the crystals eithe^r at 
— 180”C or at — 209”C in the present investigation. By studying the infrared 
spectra of crystals of chloroform at the temperatures 80°K and 150”K, Deaaricz 
(1965) also came to such a conclusion. She observed two bands at 1203 cm“^ 
and 1223 in the spectrum of the crystals at ISO^'K and almost an unresolved 
doublet at 1219.7 cm~^ and 1222.2 cm“^ in the spectrum of the crystals at 80”K. 
In the Raman spectrum in the latter case the frequency-shift of the single line 
observed is, however, 1232 cm"*^ and not 1221 cm~^ observed by her as the mean 
frequency. When the temperature of the crystal is lowered to 64®K no remarkable 
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cliango takes place in the spectrum, but small changes take place in some of the 
frequencies. The lines 672 cm-*, 1232 cm-* and 3016 cm- * shift respectively to 
676 cm-*, 1234 cm * and 3014 cm-*. Changes in the latter two fretpiencies indi- 
cate slight increase in the strength of the interniolecular H . . Cl bond in the 
crystal. The frccpiencios 76 and 97 cm-* also increase respectively to 78 and 
98 cm-* at 64°K for the same reason. These two frequf'neies are to be attributed 
to angular oscillations of the molecule about the two-fold axc's of the tetrahedron 
to which the structure of the molecule would approximate if the hydrogen atom 
wore assumed to be replaced by a chlorine atom. 

Carbon tetrachloride 

The Raman spectrum of carbon tetrachloride at — ISS^C was 6rst investi- 
gated by one of the authors (Sirkar, 1936) and it was observed that the frequencies 
of the molecule do not undergo any change with the change of state and lowering 
of temperature, but a new line appears at 85 cm-*. The Raman spectrum of this 
substance at 200°K was studied later by Morino el al. (1942) who did not observe 
any new low-frequency line but observed tho line 789 cm-* to be split, up into two 
lines at 780.2 and 792.4 cm-* respectivc'ly. Recently, tlu' Raman spectrum of the 
substance at 77'’K has been studied by Ito (1965) using a high resolution spect ro- 
graph and he has observed the lines 760 cm-* and 789 cm-* to be split up into four 
lines at 758.2, 767.5, 782.0 and 793.6 cm~* respectively. Although in a note 

TABLE HI 

Carbon tetrachloride 
Av in cm-* 




Solid 



93"K 

77°K 

(Tio, 1905) 

04" K 


S8 (Ib) 


9() (21)) 

219 (5) 

219 (3) 

219,7 (s) 

219 (3) 

314 (5) 

314 (4) 

313.5 (w) 

317.1 (s) 

314 (4) 

459 (6) 

459 (5) 

450 . 7 (m) 

400.2 (vb,h}i) 
403.1 (vs,sh) 

459 (5) 

700 (2b) 

700 0,bb) 

758.2 (m) 

707.5 (w) 

75S (1) 

705 (0) 

789 (2b) 

789 (l,sh) 

782.0 (w) 

793.0 (in) 

784 (1) 

792 (0) 


published earlier (Tto, 1964) he reported a new line at 99 cm-*, in the later paper 
this line was absent. The spectrum of the crystals at 93"K was again photo- 
graphed besides that at 64°K in order to find out whether the splitting of the lines 
760 cm-* and 789 cm-* takes place at these temperatures. A careful comparison 
of the spectra of the compound in the liquid state and in the solid state 
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at 93”K and 64'^K shows that the width of eacli of the lines 760 cm""^ and 789 
cm~^ of the liquid is about 12 em^\ but in the spectrum of the solid at this 
width is about 5 cm' while at- G4^K each of the lines becomes broader and seems 
to consist of two components touching each other as shown in Table III. The 
region b(4ween 760 cra“^ and 789 cm~^ in the spectrum due to the crystals at 
is a little darker than the g(‘neral background, but as these two linos are weak 
tlu' two weak(u‘ components observed by Ito (1965) are not observed in the present 
investigation, it appciars that already in the liquid state each of these two linos 
has an unresolved structure and at 04^K. as the components become sharper, 
each line appears as a close doublet. 

As regards the low-frequency region of the spectrum a broad line at 88 cm““^ 
appears in the spectrum of the crystal at 93"K and the line shifts to 89 cm*"^ when 
the temperature is lowered to 64''K. With the spectrograph used in the present 
inve^stigation the splitting observed by Ito (1905) of the lines 314 cm“^ and 459 
cm""^ could not be observed and the total width of each of tlu^se lines in the 
spectrum was found to be about 5 cni"^. 

It appears from the r(‘sults discuss(^d above that formation of hydrogen bond 
is mainly n^sponsible for the small <;hang(‘S of the lines of thest* chlorim? substi- 
tuted methanes in the solid stat(' observed in the presc^nt investigation, because 
in the case of carbon tetrachloride no appreciable change^ in tlu^ vibration fre- 
quencies takes place wit h solidification of the liquid and lowering of temperature 
upto 64''K. 
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ABSTRACT. The 00011 rrufu’ci of inolomlar or ^roiip rotalioo in orystallino soIrIk lias 
lonjr been a Bubjeet of inioroHi und liad boon iiiV(‘.8iigatod by viiri^aife workors uPh th(‘ir diffiTont 
jnehniquee. Tii the present jjaper authors have lak(ai a niiiul)t*r of ovgiinio solids (Alcobcls, 
Quiiiols and Naphtliols) containing hydroxyl group and most of tlii'ni lia,vo lieen invi stigal-i'd 
l*y on«i of tho authors by proton rosorianoe tnol-hod from rigid lattiro ttuii])or}d are lo tim niell mg 
point. Jt is found that si’oond moment vs tomporaturo curve yielded a discontinuity in tho 
spectrum (but not yet explained) below tho truiisition lemperaturi^ i.e., before the inoliM ular 
rotation. This feature in the curve is found in a largo number of organic solids which (ontaiu 
(HI group, provided OH group is not hiialored by tho interaction of other heavy substituent 
grou])s. Tho purpose of the present paper is to show that llie disirontinuity observed in 
s(M*oud moment vs tomperatun» curve or tho appearance of secondary humps in nuclear magni- 
tude resonaiu^o spectra may bo due to tlu^ intramolecular motiiai of tho hydroxyl group. 

It- is foimd that intramolecular rotation of substituent group causes tlie reduction in 
the value of rigid lattice second moment and this redu(‘tion can be uslimatod by the equation. 

It IS shown that reduction in Uio valu(‘ of second miuiiont is duo to the production of 
liu’ secondary held at tlio resonant nucleus. Tho inoasurtaiu'iit of spin -lattice relaxation 
times 2\ carried out at different temperature, demonstrate rotatiiaial d(‘gri‘e of freedom. 
I''n)m tho 2\ moasuremeuls the free energy of acliviiiMj .uid ent halpy of ai'luation 

(a//*) have also been estimated to give support to int ra-Tuole<‘u]ur motion of sulistituent 
iiydroxyl groups. 


1 NTllODUCT J ON 

Proton magnetic studies of organic solids (Alcohols, Quinols and Naphthols) 
have been investigated in order to gain information coiuioming tho intra-molecular 
motion of hydroxyl groups and also about the natun; of Ihc motion. 

According to simple theory of N.M.R. when an external magnetic field is 
applied on the sample, it induces a change on a magnetic moment associated with 
each electron and this change which depends on electronic wave function, is in 
such a way that it opposes the applied field. The secondary field at any point 
is also contributed by neighbouring magnetic moment. Therefon', tho produc- 
tion of secondary field causes the resonance absorption line to be broadened. 
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This effect on magnetic resonance absorption line has been interpreted in terms 
of second moment by Van Vleck (1948). Studies of temperature dependence of 
s(^cond moiri(‘nt ( Kambe and Usui (1952), Pryce and Stevens (1950) and by McMillan 
and Opt'chowski (HKJO) show that the conclusion of Van Vleck’s work are valid 
at all iemjx'ratures not only very near to absolute Zero. So any effect on 
nuclear magnetic resonance' absorption spectrum can bo studied by Van Vlcck’s 
theory of second moment. Clough (1963) has also indicated that any motion 
of an as- sembly of dipolar coupled nuclei has a profound effect on nuclear 
magnetic n'sonance spectrum and so also on second moment. 

Authors have observed tliat some organic solids containing hydroxyl group 
show a remarkabh' effect on t he value of second moment and on n^sonance spectra, 
with ris(' of tt'mperatiire producing secondary humps below the transition tem- 
peratuH'. It suggests sonu' sort of motion in the molecule (Andrew, 1950). Since 
it is <wident that nu)k‘enl<‘ its(df is not in the motion, hence possibility of inira 
molecular motion of the substituent group within th(' molecule cannot be ignored 
The authors have interprx'ted the above abnormalities obtained in the values of 
second moments, in second moment vs temperatures curve of Alcohols, Quinols, 
and Naphthols, as diu' to the motion of hydroxyl group, within thti molecule. 

The intraniolecular motion within solids has been also explained with tin* 
use of spin-kttiee relaxation time T,. With the fiee ('iiergy of activation A7^/?* 
and enthalpy of activation A7/* have been also esl.it?iat(*d in support of iidia- 
inolccular motion. 


T IJ E () R Y 

The motion in molecules or groups in general results from electronic int(T- 
actions within tin* sample and from interactions between the externally appli(Ml 
magnetic field and the (*](‘e.trons in the sampk' (Heinort et al. 1959) when aji 
external magJietic field is applied on a sample, each induced electronic magne- 
tic dipole then gives rise to a secondary magnetic field at a nucleus in the* 
direction of the externally applied field and is given by 

i7(secondary) = 

when^ <A/^> is the average value of the induced moment, rjjc is the length of ih(‘ 
vector joining nuchu j and k and O^jc is the angle between vector and applied 
field axis. 

The secondary field is a function of electron distribution in the free volume 
and of the distance of approach of neighbouring molecules. It is a time varying 
field and since the time average over all permitted orientations of dipole pair can 
be less than the steady local field for rigid system. Hence spectrum narrows 
when rotation sets in. 
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Alpert (1947, 1949) and Gutowsky and Pake (1950) studied the effect of motion 
in the lattice using results which were first obtained by Bloembcrgen et ah (1948). 
Again it has boon pointed out by Andrew (1955) that any reduction in the value 
of second moment with rise of temperature is indicative of some sort of motion 
in the molecule [either rotational motion as in the casemf Benzene (Andrew 1953b) 
or vibrational motion as in the case Naphthalene (Andrew, 1950)], The reori- 
entation of solids are recognised by discontinuity observed or by transition curve 
ill second moment vs temperature curve. Hence if any discontinuity is obs(TV(‘d, 
as found but not yet explained, in second moment vs temperature curve {S~T 
curve) before the molecular rotation or below the transition iempcratin(\ it 
clearly suggests that any sort of intramolecular motion due to the substituent 
group may be present within the molecule. If such discontinuity in S ~T (Uirve 
is not observed in sulistituted molecules, it indicates that motion of the concerning 
subsiitiiont group is hindered due to the interactions by other heavy substituent 
groups present within the molecule. 

The effect of the groups or molecular rotation on second moment can be easily 
(estimated. Since the secondary field is a time varying field, hence when the 
motion in the molecule sfds in, the angle (bet ween applies] field and internuclear 
vector) occurring in the factor (1 —3 coH^Ojk) in the second moment theory of Van 
VJ(^ck, vari(‘s with the time. Since the frequency of rotation are high compared 
with the frequencies of interest in th(‘ resonance, it is time average) of (1 —3 cos^^) 
that effi'Ct the second moment. 

Hcncc <(1-3 cos2%)> avg = (1-3 cos^^i) - 

Where is the angle between radius vector joining^* and and rotation 
axis. The expression has been soIvchI by Slichter (1963). He found a relation 
b(dween the second moment at rigid lat tice and the rotational second moment 
and is given by 

<A<o2>,„,= <Ao>2>R.L.( ... (1) 

whore <Aco2>rj,^ is rotational second moment and <Aco2>R.L. is second moment 
at rigid lattice. 

The substituent groups are, however, constrained to their equilibrium position 
by intramolecular and intermolecular forces. Its motion from one equilibrium 
position to another is restricted by a potential barrier. The motion may also take 
place by quantum mechanical tunnelling through the hindering potential barrier. 
But it is suggested by Newman (1950a) that the process of mechanical tunnelling 
does not hold good for most of the solid studies. 

In the present paper the relaxation phenomenon for the motion of groups in 
solid molecules have also been discussed. Here only phenomenological descrip- 
tion has been taken without adding the detp^ils of other theories as transition state 
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theory (Glasstone ei at, (1940)) and concept of free volume. If a system transforms 
an initial state 8-^ to a final state /So via an activated state /S* (/S^ ^ aS* ;?± 
it requires that the population of /S’* should be small compared to 8^ and 8^ wh( re 
8^ and /Sg represent orientation of the substituent group in the lattice. This is 
a restriction which is probably satisfied for moh'cular motions in solids (Rico, 
1958). 

The correlation time for tlui motion can bc' written in terms of free acti- 
vation emergy AEu* which is defin(‘d as the differenct* in tlie free energy between 
state 8i and 8*; 


Tc = To exp 


\ ~ BT ) 


The N. M. R theory developed by B.P.P. which sliov\’s a lelation between spin 
lattice relaxation time and corn^lation time as 


'1\ — (J f or Wj, Tp < < I 

Where C is a constant factor and Wy — - wher(‘ v„ is tlu' n'sonaiit fi equency. 

The enthalpy of activation A//* can bo obtainc'd from the tempiTature variation 
of Log and given by 


= i: (2.303)/? ^ 


dho^\ 

5(1/7') / 


( 2 ) 


where R is the gas constant. 

Wilson (1959) has pointed out that t]i(‘ Ihcory of intrarnolooular rotation in 
molecules is still unable to account. quantitaliv(‘iy for 11 k‘ factor constraining 
rotation, notably storic effect and pr(;pojties of (‘loctronio structure. IMolecular 
rotation by entire molecule is undoubtedly governed by the same factor, but tlic 
theory is even loss understood than the theory of intraTnolecular rotation. There 
is only fragmentary information to compare the* barric'rs to groups rotation 
in solids and intramolecular factors contribuU' strongly to thcs(' barriers. The 
intra-molccular restraints are determiiK^d by covalent bonding of molecules and 
by steric hindrances. 

RESULTS AND DISCUSSIONS 

Alcohols : 

The second moment vs temperature curve for Pentaerythritol obtained by 
Gupta (1963) has been shown in fig. (1). For t he dc^termination of second moment 
for pcntaerythritol he has assumed that the positions of hydroxy hydrogens agree 
with Hvoslef (1968) model and lie exactly in the planes defined by oxygen atoms. 
The direction of OH bond however deviates by O ' thus making the C-O-H angle 
about 110°. This feature is very important in determining the position and move- 
ment of hydroxy atoms. The portion AB shown in fig. (1) represents the second 
moment at rigid lattice temperature. After crossing the rigid lattice state an 
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anomalous shoulder CD has been obse^rved before the transition temperature for 
OH group rotation and correspondingly there is an appearance of secondary 



94 174 254 334 414 494 

Ttnnperaturo K° 

Fi^. I. Second mom<ait vi'rsus Tcinpcrnl iirr*. curve for piaitiicrythritol* 

I lump at room toinpc'rature in resonance spectra shown in fig. (2). The possibility 
of the motion of hydroxy liydrogcm has been also indicated by Ellis and Bath 
(1039) by their infrared studies. Nayer (1938) by his Raman studies and Hvoslef 
(1958) by Ids neutron diffraction studi(\s. 



2. X.^bR. Spcftnnn at roon. temporal nr.* Fsowuil' sect>ndary Iminp in jientaervlhritol. 

East(n*mann (1929) has observed the dipolemeiit in pentaerythritol and since 
it is a molecule of the space grouf) (It) vhich cannot have the dipoh^-moment. 
Theref(>r(^ this dipolemoment is ])robably due to the intramolecular motion within 
the solid. FurtluTmore Sidgwick (1933) and Gilbert and Lansdale (1956) have 
also observed some sort of intramolecular motion in pentaerythritol molecule. 

In pentaerythritol molecule the second moment reduces to 11.8 gauss^ from 
its rigid lattice value 28.0 gausa^. If it is assumed that hydroxyl group is rotating 
about C-0 axis then the angle of radius vector joining nuclei j and k with the 
rotation axis, is about 110"^. Therefore, according to the equation (1), the value of 
the second moment should be approximately about 1 /2 times of rigidflattice value. 
In present case th(^ value is reduced from 28.0 gauss^ to 11.8 gauss^, approximately 
the same as required by the theory. The free activation energy ^Er* for the 
group rotation and enthalpy of activation have been also calculated and given 
in Table (1). 
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Similar is the case with methyl alcohol cotaining C-0 bond as internal rotation 
axis for hydroxyl group as observed by number of investigators by their Raman 
and infrared spectroscopy. N.M.R. study of methyl alcohol (Gutowsky and Pake 
1950, and Cook and Drain 1952), also gives approximately similar feature of the 
resonance spectra as is observed in the case of pentaerythiutol. The spectra can 
be explained on the same lines as authors have discussed for pentaerythritoL 
Furtlierraore Muzushima and Kubo (1951) also agree with the present view and 
estimated the height of the potential barrier arguing that if the over all rotation 
of the molecule is small as compared with the internal rotation, the barrier height 
can be estimated from dispersion phenomenon by the use of the absolute reaction 
theory. He obtained the potential barrier to internal rotation of methyl alcohol 
from the difference between third law of entropy and molecular entropy. 

Such a method has been adopted by Pitzer (1948), Crawford (1940) and Halford 
(1950). They obtained the potential barrier, for the rotation of the hydroxyl 
group about C-0 axis, approximately about 1000 cal. 

In ethyl alcohol the motion of the hydroxyl group has been discussed with the 
experimental thermodynamics quantities by Halford (1949, 1950) and Ito (1952). 
Gutowsky and Pake (1950) investigated ethylalcolil with N.M.R. method and tlu ir 
results, according to present theory, also givt^ some indication about the rnotioji 
o( the hydroxyl group about C-0 bond. The recent, work of Barrow (1952) sho^^s 
that barrier hindering the internal rotation of OH group about C-0 axis is about 
1000 cal. 

Andrew (1950) has investigated Lauryl alcohol by proton reso- 

nance method and obtained the same discontinuity in {S—T) curve bc^fore the 
transition temperature (shown in fig. 3). But the discont inuity obs(n*vcd in s])cc - 
trura has not been explained by Andrew. This also may be due to the motion of 
the hydroxyl group about C-0 axis present in Lauryl alcohol. The second moment 
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Fig. 3. Second moment versus temperature curve for Lauryl alcohol. 


at rigid lattice temperature is found to bo 27.77 gauss^* The rotational second 
moment is found to be 16.0 gauss^. 
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Quinols {Hydroqaivanes) 

The (S—T) curve for the a-Hydroquinone obtained by Gupta (19(i3) has been 
shown in the fig. (4). In which the portion AB represents the second moment 
at rigid lattice temperature where all the effective motion has been frozen. A 
discontinuity {C) in the absorption curve has been observed at temperature 325“K. 
This discontinuity is also observed by Ueberitr et al. (1950) iji thcii- thermal studios. 
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Fig. 4. Second moment vermis tempcnitnro cnivo for a-Hydrofpjinono. 

Tile interpretation of group rotation also receives support from Hidalgo (1950) 
who found a vibrational frequency shift of OH group in Hydroijuinone approxi- 
mately at about the same temperature. Furthermore high d.c. conductivity has 
heen reported by various workers with other hydrogen bonded structure and is 
attributed as duo to the combined proton transition and dipok^ rotation (Steam 
and Frying, 1937). 

The value of second moment of a-Hydroquinonc at rigid lattice temperature 
is found to be about 10.7 gauss^ and before the transition teinjierature for molecular 
rotation it reduces almost exactly one quarter of the intramolecular contribution, 
which satisfies the necessary criterion for rotation (Gutowsky and Pake, 1950). 

In y-IIydroquinone (Gupta 1963) the same discontinuity is found in S—T 
curve (fig. 5). The view of group rotation receives support froin^Hidalgo (1900) 



Temperature K° 

Fig. 6a. Second moment versus temperature curve for 'y-Hydroquinone. 
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Fig. N.M.H. wpoi inim at L’n.*! K sliowiiig Hoc-ondary hump in Y-Hydroquinono. 

who observ^od a vibraiional fr(M|iioncy shift of hydroxyl group is Hydroquinouo. 
The second moment at rigid latiie(‘ tcmiperaturci is found to be about 12.0 gauss- 
when intramolecular motion sets in, it reduces to about 1/2 times of rigid lattice 
value as requirep by theory for rotation about C-O axis. 

The spin lattic(' relation time (Tj) for a and y-Hydroquinones hav(‘ also 
been calculated (Guf)ta and Agarwal, 1907). With th(‘ valiu^ of th(^ fn'c acti- 
vation eiKTgy AfJji* and entlialpy of activation All* an* estimat(*d and given in 
Table 1. 


TABLE 1 

Free activation energy and enthalpy of activation (in K cal /mole) 


(^>Tnp<>uiidK 

1. PtMitaoryf hritol 

2. a Hytlr<»quiiic)ri<‘ 

3. Y*lly<lro(piinon<’ 

4. a-NapUiol 

5. /9-Naphthol 


{U'tivni i<vii 
(UKTtrv 

Ktithalpy 

of 

act ivat ion 

^TJ* 

r».27 

J 43 

3.03 

3 37 

1.8C 

1.87 

0.5] 

7.2 

5.9 

13.2 


Naphthols 

In a~Naphthol[G\xpt?L, 1907, fig.O] there is some appearance of fine structure 
at about 312®K. Gupta has attributed this fine structure as due to the vibrational 
motion of the molecule, arguing that the Naphthol molecule is comparatively 
large and possesses no symmetry about C-O bond. But it has been pointed out 
by Andrew (1951) for some organic solids that there is however a decrease in the 
second moment below the transition temperature. He attributedi that this 
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decrease will be partly due to the rotational oscillation of rnoleculos, hut calcu- 
lation shows that this form of motion is unlikely to account for m hole clTcct. 



274 294 314 334 307 

Tomporafcuro K ' 

Kig. (i. Stjrond moinrrii vtTsus trmpt iMtiirr ('iirvi' lor a*Na]>}illu»l. 

iViidrow staiod tliat it in nioro likoly that th(* sinaJl jiortioii of iiiolt'culo rotating 
below the transition point. Tlierefore, according to tin* autliors vi(‘\\s this sort- of 
roduclion is due to th(‘ motion of hydroxyl group. Il gets added support with 
Nagaknra and Gouterman (1957) investigations in wliicJi they obs(u*ved some 
shift in wave length due to the hydrogen bonding in a-Naj)hthol. b'urther more 
Ailira {1960), with the use ol Ins suhliinat ion presssun^ method, obse rved a transi- 
tion in the crystalline state of a-Naplitliol du(‘ t-o some sott of rotation about C-O 
l)ond. Tlio rotational second moment is also found to be about 1/2 times of rigid 
lattices value supporting the theory. 

In case oi /^-Naphihol (fig. 7), there appear<‘d a si‘con(hn v hump in resonance 
sj)ectrimi round about 31 2'^K and some reduction in the vahu^. of th(‘ si^cond moment- 
in S—T curve. Gupta has attributed this as due to th(‘ vibrational motion of 
tlie (Mitire molecule. Tlie secondary luirnp is neaily at the same' temperature 
at which Aihra (1960) observed a transition in the erystallint' staU^ (hi(‘ to some 
suit of rotation about C-O bond. Further more it lias been pointed out by Porte 
ct aL (1960) for y?-Napliihol that OH group forms weak hydrogen bonding with an 
aromatic nucleus in which the OH bond is directly along the normal to the center 
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Fig. 7. Second moment versus temperature curve for j8-Napblhol. 

of aromatic nucleus i.e. there is a tendency for benzene molecule to pack round 
OH group so that OH bond points along this normal rather than to the side of the 
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ring. When an external field is applied the current induced in electron system 
in benzene exerts a secondary field of OH protons and this secondary field opposes 
th(^ applied fi(dd. The result is a shifted proton resonance for OH group in /y. 
Naplithol. Therefore Porter’s investigations also suggest about the intramole- 
cular motion of OH group about C-O bond. The value of the rotational second 
moment is about 1/2 times of the rigid lattice value. 

The spin -lattice relaxation times {T^) for a and y^-Naphthols have also been 
estimated by Agrawal and Gupta (1967) and with which the free activation energy 
AA"/e* and enthalpy of activation have been computed and given in Table 1. 
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A NOTE ON INDUCED 4-DIMENSIONAL LORENTZ 
TRANSFORMATION 

N. N. GHOSH 

Indian Association pob the Cultivation of Science, Jadavpur, Calcutta-32 
{Received November 19, 1966) 

ABSTRACT. la the present note a sot of six typical transformation schemes has beco 
BO framed that each of them leads to a representation of the 4 -dimensional Lorentz traiiK- 
formation both proper and improper. It is shown that corresponding to a particular traiis 
formation there exists a mixed tensor of 2nd rank, which while undergoing the transfornin- 
lion can induce a 4-dimon8ional Lorentz transformation to a 4-vo(*tor associated with it 
yielding the connecting relations between the respective transformation <'oeffii(*ients. FurtlKjr, 
under each of these transformation schemes one can set up a system of Dirac equations and 
construct an electromagnetic tensor whence the set of MaxwolFs Equations can bo formula 1 (id. 

In an i?4 characterized by a set of general reversible transformation eejua- 
tions from coordinates 3f tt) a;'*’ with 16 covariant transformation coeffieiwds 
dafjdx'P one can define the 6 special transformation schemes by making suitabhi 
use of the following six elementary anti-syrametric! eovariant tensors 

Cpq with non-vanishing components Coi — f'23 ~ 1, 6% — Cgg = - 1, 

” ” *’ (7o 2-6\3-1, C'2„=-C3,---l. .. (1.1) 

zn >> >> /y n - \ o n ^ I 

( Q3 — 0^2 - Jj ^'30 ~ ’- 21 — ^ 

and their conjugates 

nonvanishing components C'^ — 0^^ == — 1, = (^23 ~ 

” ” ” Co3 = C’3x=-l, C’3o=C,3 = l. .. (1.2) 

~tf J> >» 77 77 1 ?7 Zn 1 

M/pQ 0^3 — t/21 — —1, U3Q -- U12 A. 

To denote the contravariant tensor associated to each of the above wo write the 
indices as superscripts. 

Let us consider the first one which we call the (C—D) transformation under 
which we postulate that Cpq, the primary tensor, remains invariant and 3pq the 

secondary, goes over into where A= ±1. The conditions which the 

670 
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transformation ooofficients dx^ldoc'P denott'd by (r,), must satisfy an^ obtained 
as follows : 



Tho above are ecjui valent to the conditions 



(oi) +(oi) “ (02) + (02) - 

where the symbol denotes (f)(f) — («)(r). 

Elsewhere (Ghosh, 1965) this special {G — D) trasformation has been termed 
‘Unimodular tensor transformation^ and has been discussed at length giving the 
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ri'prfHcutation of an 'induccHl’ 4-(limen8ional Lortnitz transformation and the dori- 
\ ation of the ctorresponding Dirac equations. 

Jlor(‘, wo shall construct the electromagnetic mixed tensor of the second rank in 
the ((■'- D) field. Referring to formulae (6.2, 3, 4) of the earlier paper (Gho.sh, 

1965) we notice that if there exists a mixed tensor in the (C— D) field satisfy- 
ing the structural relations 

-F^^ -- -F^’^ =. F^\ 

F^^ = - -F^\ 


F^o ^ -F^\ F„^ -F^K . . (1.5) 

F,o - F,^ Foi = F^\ 


with the 6 mutually independent components F„^, F^, F^, F^, F-^, F^ then we 
ran (‘orrelate an antisymmetric tensor Eje^ by moans of the equation 


Ej} == \ Tu;\Tr^^F^v TjPFr^l (K ^ - 0 , 1 , 2 . 3 ) 




wluTC T’s are the connecting t(msors characteristic for the (O ~-D) transformation. 

Tt is easy to see that FqP tak(‘n in tlio bilinear form AvBq-\-BPAq satisfying ili(‘ 
structural relation 

Fq^C^C^,^- -^F:, .. (1.7) 

supplemented i)y the (U)nditions F^ — —F^, F^ — -F^, F^ — F^, F^ = F.^. 
is the desired mixed tensor in the (C—D) fit^d. 


We shall next consider the (C~E) transformation scliemc' under whicli 
tli(‘ t(‘nsor (Jpq rtmiains invariant and the tensor E^q goes over into AE^q wh(‘r(‘ 
/\ -- -j-1. The conditions Avliich tiie transformation (*oeffi(jients p ^ 
satisfy are then given as 


©+©=»■ 

It may be noted hero that the contravariant and covariant transformation co- 
efficients are related as in (C ~ D) transformation and the rule of raising and lowering 
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,,l' iiidicos remain uuehang<‘fl. Cousitltir now tie* mixed teusoi' Mr^ exprc'ssed 
ill the bilinear form ApB'- B^A' satisfying the strnetiiral relation 

Mr^ (J'iCp, = 3f,i . , (2.2) 

with 4 mutually inflept^Uflont romxJoiieutM clcfirictl iu l^rmw of 4 (|uantities by 
ineauH of the equationK 

= -if/ _ _ J/,^3 

=- Ml® = = h„ , . (2.3) 

^2^ — -^0* ~ Jif — -^f 8** ~ — 

MjO = = J/a* = Jlfa» =- 0. 

Introducing a set of connecting tensors Tg^j)(k — 0. 1, 2, 3) defined by the 
nonvanishing components 

7"=^%=!, 7’V --1. -1- 

2’V = 1. = yy - 1. ^’V •• (2-4 

TV - -1, TV ^ - 1, ?’V = <• '/’V ^ 1. 

TV =: -1, TV = 1. =- 2V = -1> 

♦ Ik' above can bo expressed as 

Mr^ - 2V*T (*• -- b. 1, 2, 3) . . (2.5) 

vvJiich being invi'rtc-d gives 

h, ^ i T^/MVr, • . (2.«) 

where OkiTj^. 

Hu rieiioting the tensor with non vanisliing eonipoiu^uts 

9^00 “ 9 11 — 9z2 ^ — 1* 

The s('t of 4 conneeting tensors (2.4) is eharacteristio for the (C— E) transformation. 
Tlieso in (tonjunotion with tlie mixed tensor (2.1^) lead to tlu^ representation of 
Lorentz transformation and to the derivation of Dirac (‘(piation. Under (C—E) 
transformation selieme one can verify tliat tlu^ tensor Fq^ taken in the linear 
form A^Bq+B^Ag supplemented by the conditions ^ -~F.^ F^^ = F^^ 

^ 0 ® = J^ 2 ®> ^ hfl'Ving 6 mutually independent components F q®, 1^®, 

F^, JF’/, J’/, jP/ serves as electromagnetic tensor. 

With Dpq as primary tensor we next consider the (D—C) transformation 
scheme under which D^g remains invariant and (7^^ goes over into AGpq where 
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= ±1* conditions which tho transformation coefficients (/) must satisfy 

are then given by 

The contra variant and co variant transformation coefficients are now 

oonnected by the equation 

... ( 3 . 2 ) 

The raising and lowering of indices may bo performed under the scheme 

AO = A^, AO = -A„, A^ = As, AO = -Ai. ...( 3 . 3 ) 

We note here the relations 

Ao>Aj, = 0, AWp+B^Ap = 0. ... ( 3 . 4 ) 

Let us now construct a mixed tensor N^g by means of a pair of tensors A^, Jig 
taken in the bilinear form A^B^—B^Ag satisfying the structural equation 

... ( 3 . 5 ) 

having 4 mutually independent components expressed in terms of 4 quantities 
h]c by means of the equations 

NO ^ = -N^^ = -Ns^ = -Aj, 

NgO = -NgO = NjO = -No* = hi, ... ( 3 . 5 ) 

NOi = NgO = hg. No* = NgO = -*0+^8. 

NOg = No* = NgOl== Ni* = 0 , 
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Introducing the 4 connecting tensors 


with non vanishing components 

TV 


TV . . 


TV 


0 

3 

1 

1 = 

2-- 

0 

0 

3 

1 

3 — 

0 “ 


0 

i2 

1 

0 “ 

|2=“ 

1 


0 ;2 11 is 

1 = I3 - |o - '2 “ 


(3.7) 


we can express the above as 

N^P^^TVhk. ... (3.8) 

Using the above connecting tensors, characteristic for the (D— U) transformation 
one can obtain further results in this connection. 

It appears from (3.6) that we can connect hk in a different way with the N'i>, 

so that a new transformation (D--E) is obtained. We take 


= -K, 

N^o ^ ... ( 3 . 9 ) 

iV,o = = h,+K, No^ = -h,+ha. 

Introducing the characteristic connecting tensoivs 


T^gp with nonvanishing components 

TV 



TV . 



TV 


0 

3 



1 

2 



1 . 


(3.10) 
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wc can express tlio above as 

AT/ = rVA*. ... (3.11) 

Under (D—E) transformation the tensor Dj,q remains invariant and Epg goeis 
over into AEpq. The eonditions which the transformation coefficients must 
satisfy are given by 

(^) - -^(i) it ) = My 

... (3.12) 

P-d). 


Tt may be noted that under (D—E) transformation the formulae (3.2), (3.3) and 
(3.4) hold good retaining all characteristic properties. 

With Epq as primary tensor wo can frame two transformation schemes 

by taking either C^q as secondary or Dpq as secondary. In the former the tensor 
Epq remains invariant and Cpq goes over into The conditions which ilic- 

transformation coefficients (\) must satisfy are given as 


(2)- ^(1) (y--^(?). 

(y=-(i) (I) -’ MS) 

(?) = -A (y (?) = MS) ■ 
(S) - ^ (y (?) - - it) 

m\ , /12\ _ , /03\ , /12\ 

\03y+ \03// ~ [oil \01/ ~ 
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fn the latter Epg remains invariant and goes over into ADpg where A = i 1. 

The conditions which the transformation coefficients must satisfy are given as 
follows ; 


(l)= ^ 

(i)- (5)- <)■ 


(1) - - 

(!)• a)— '(^). 


(?)- ^ 

(?) ■ (1) - ■' (?) ■ 


(2) - - 

(?) ■ (i) - - ('.') . 



(i?)-M)^)+ (??)-'■ 


It may be noted in both the transformation scIk m(}s that the eonti-a variant and 
the covariant transformation cocfticionts are eoniK^ctinl by the equation 

... (4.3) 

Raising and I(jw('ring of indices may be performed ju both according to the rule 

= Ai>Epg = Ag, ... (4.4) 

so that = A^, A-' = A^ - A'^ 

and the relations A^Ap = 0, A^Bp \ B'''Ap — 0 hold good in both. 

'I’he characteristic connecting tensors Avitli regard to (E — ()) transiorniation 
arc now constructed with the nonvanishing components 

TV = = -1, TV = 1, =- -1. 

TV =- 1, " — 1. - 1- == -!• ••• 

TV == —1, =- 1. T\^ = 1. ^’V = 

TV = 1, I’V = 1. ''^V = 1. T’V = 1, 

Tvhilc in the {E — D) transformation the charaet-c'i’istic connecting tensors art* formed 
hj’^ the nonvanishing components 


TV = -1. 

i-H 

II 

o 

T%* = 1, 

r— 4 

1 

II 

O 

TV = 1, 

TV = 1. 

TV = 1, 

T\^ = 1, 

TV = -1, 

TV = 1, 

TV = i. 

TV=- -1. 

TV = 1. 

TV = -1, T^o® = 1. 

TV = -1- 


4 
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Using the standard formula in my earlier paper (Ghosh, 1965) one can get a 
representation of the induced 4-dimen8ional Lorentz transformation correspond- 
ing to each of the transformation schemes (E~C) and {E’D). Proceeding as before 
further results in this connection will follow. 

With the conjugate tensors Gpq, Dp,, J^pq a set of 6 transformation schemes can 
be formed having similar properties. 
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ABSTRACT. Non-polar central forces and non -central forces of both weak dipolar and 
of Htn](!tnral origin have been combined into m single potential. Neglecting higher order 
tcTrns the excess thermodynamic functions of a mixture of non -polar globular mohjcules with 
weakly polar globular molecules have been found to (consist of four terms : pure non-polar, 
pure dipolar, polarizabilities and structural, and vE have been predicted for the systems 

fiiiorobonzene-carbon tetrofihlorido, fliiorobenzene-beiizene and fluorobenzene-oyclohoxane 
foi‘ which experimental data exist. Agreement between predicted and experimental values 
uro satisfactory for all the systems. 

INTRODUCTION 

Anantaraman Bhattacharyya, and Palit (1961, 1962, 1963) recently 
discussed the thermodynamics of liquid mixtures the molecules of both compo- 
nents being spherical but those of one of the components also having a point 
dipole at the centre. Balescu's theory [Balesce (1966), Prigoginc (1967)] 
was modified and used to predict the excess functions with considerable 
success. It seemed however that the description of a molecule like 
chloro- or fluorobenzene as a spherical polar molecule was not quite correct; 
some discrepancies, particularly for the systems like fluorobenzene-benzene and 
fluorobenzene-carbon tetrachloride appeared to be due to the presence of 
another effect. It was suggested that this may have originated from the non- 
sphorical nature of the component molecules. Carbon tetrachloride and benzene 
are not strictly spherical and it would be more realistic to describe a molecule 
like fluorobenzene as a globular molecule with a point dipole at the centre. 

The object of this work is to develop a simple potential for such a molecule 
which will permit a calculation of the effects of the different contributions to the 
molecular interactions. 

Various treatments of the potential have combined non-polar central forces 
with non-central forces. These latter have either been assumed due to weak 
dipoles or due to a molecular structure which lacks spherical S 3 rmmetry [Rowli- 
nson, et al (1966), Prigogine (1967)]. In this work we attempt to synthesize the 
two approaches and arrive at the desired potential. 
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According to Rowlinson ot al (1955) the potential for a globular moloculc 
is obtained from a Lennard Jones potential, of spherical symmetry through 
the perturbation of the attractive term alone by a small non-central term. 

e(r) e0[(r7r)i2~-2(r0/r)0{l + ouj(0^, 0^, 0^^)]] (1 ) 

where ct is a small parameter and <7 is a sum of products of surface harmonics. 
Taking an average ov('r the angles this gives rise to a temperature dependent 
parameter ^(T) which is proportional to the square of the coefficients of the non^ 
central terms of globular origin. 

Sij{T) = ^ ( 2 ) 

IcT 

denotes an unweighted average over all angles. Th(^ essential .simj))j- 
ficat ions made by them to arrive at this simple form of potential are; (1) 
of potentials which lead to triplet terms, (2) nogh'ct of variation of repulsivi 
forces, (3) assumption of /?/2) potential for the central forces wdiicli lead to 
a hypothetical potential conformal with the original un})erinrbed potential hut 
which is a function of temperature. Tliis hy))othetical potential has the form 

e{r) = e*[(r*/r)i2-2(r*/r)«J 

^ ^2S{T)}-~2{r*ij ] (3) 

According to Prigogine (1957) such a procedure is rat her arbitrary when applieri 
to globular molecules. Non-ccmtral forc('s should decrease more lapidly with 
increasing distance than forces of spherical symmetry, a fact whicdi does not apjx'ar 
in (3). (j is not specified and (2) is not explicit and can only b(^ used empirically 
to fit certain cxperinumtal data. 

In spite of this criticism of Prigogine the hypothetical potential seems to Ix' 
useful oving to its simplicity in form and the author and his colleagues liave been 
able to predict the thermodynamic functions of mixtures of mm-polar polyatomic* 
molccul(^s with some success. One can now take advantage of the dependence' 
of the attractive part of this potc'Utial and introduce a point-dipole at the centre 
of such a molecule similar to what has been done by Balescu (1967) to a strictly 
spherical molecule. We can write down the potential as follows : 

6(r) -= 6%ir^lr)^^(l-2S)^2{r^lr)^]+ (4) 

whore is tlu' average value of the dipolar interaction over all orientations, 
being 

^ ll^_2ll^0L 

^ dkf ‘ r» 7^ 


( 5 ) 
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For a like pair of molecules the potential now ))(M‘omes 

e.{r) = eo [ (r'>/r)i2(l _25)-2 (r«/r)»[ 1 + J ^ J j 


whore the reduced parameters p, a and an^ defined hy 


P = 


(e0,.03)* 



fa ^ 


Equation (0) shows that this potential is also conformal with the original un- 
ptadurbed potential but dependent on temperature'. Tin* (*haraelt'ristic molecular 
parameters 6* and r* of this new potential arc' r(‘lat(‘rl to th(5 unperlui bed and 
as below 


e* = c«[^l+ ^ r+2y+2S+2S(^ J T ! 27) | ... j 

= ... (7) 

w'liere F == ^ \ y = (x fi- 

fo 

-I'he production term 2<J(jr j 2: ) conti ibutes v<*rv litUe to the total iiertiirbatioii 
and can safely bo neglected for the pres(mt analysis. According to Uu' g(*neral 
ideas of average pott'ntial theory eqn. (7) can be wj itien dow;i r.s! 

<Ci*> = 

<^i*> ^ r > ••• V^) 

For the composition dependent average potential, the average perturbation 
and <^i> being exactly similar to those found out by Balescu (1957). 

For a mixtui’c of two polarisable globular molecules where the component 
2 has a permanent dipole moment of magnitude //g, the perturbations are now 
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2(^12 + 712 > ^12 3 ^ 12 "~ Y 2 

’y^22 — ^<^22+ 0 r + 2y22 5 ^22 = — 3^*^ — 30 ^ — 6^^® **’ 

Following the procedure as outlined by Balescu with the potential (6) and pcrtur- 
bations (9) it is found that any excess function now splits into four terms 

zE = Zo^+za^+z/+Zg^ . . . ( 10 ) 

Zq^, z^, Zp^ andz/' are contributions due to central forces, pure dipolar, polarisabilitios 
and those due to non-spherical or globular natun' of the molecules respective ly 
One may take the expressions* due to Prigogine et ah (1967) for z^. These are 

TO,ie(x,-x^)-\-\ S]^ 

- ?i2T/>[^(.ri-*2)+^(J+3/>l ... (II) 

*5. = (h-TC^,)(2d-Qp^)-\T^^ {S^-mx,-A0^x,x,) 

(iJL 

- (12) 

~ == % »’iP [%1— + i '^+ X P 1+^ (—20-d^-\-4OSx2+4Oh:iXz 

\m ^ J ft I 

+iV b^f'S~&pexj,)-ilT^ {-S^-\ *0Sx^+40%x^) ... (13) 

For z^® the expressions due to Anantaraman ( ) may be taken who retain 

0 in the expre-ssions of dipolar excess functions. 

^ = J n-H^^-s-'ipx^)-TCj,m^-x^)-Vx^e] 

* 1*2 

^lRT[\-x^(\8-e+Zp)-]} ... (14) 

= m-^K+TC^x-m[l-x^(\8-d^Zp)-] ... (15) 

X^X, 

* Possibly several minor typographical errors occurred in the printing of equatmn 

(10.7.8) of Prigogine (1957). See also MoLure et al. (1906). 
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From the definition of 


^^2 06^ 0 
M2 M2 


Wc may write 


7i2 


OCi/h^ 


a* ■ [i(»'iiHr22«)]«[eu'’^^+i(e„"+6,3®)l 
Jn terms of 0, S and p and a new parameter tr ch'fined by 


a* 


= 1 + 0 - 


and neglecting higher order terms we obtain 

Jii — y22|l'i'^+3p4'^ 


(16+) 


(17) 


(18) 


(19) 


( 20 ) 


The equation (20) is a fair approximation of when the restriction | a | <0.3 
i.s obeyed. 

With (20), retaining 0 and neglecting higher order terms the following 
simjilified expressions for Zp^ is obtained. 


.7p« 

X^Oi'st 


yM2<r+^p)-^T(\MWXi)-%S\-iRT(2o-0+lS+Qp)] ... (21) 


r22[{Ai-rC?pi)(2<r+9p)+2’^^‘ {P(l+2x.,)-f ,1} 


-r22{i ^ }(2or,-P+| 5+»p) 


... ( 22 ) 


... (23) 


la th(i similar way the contribution due to nonspherical sliape of the mole- 
cules are found out from the perturbations (9). These are 


- 




{26^+(l+a;2)^+6p}]+T(7pi(y[Ax2{^2~‘i)+(^ii~”^'22){H“^2)J 

- (24) 

t After correcting a minor error in Anantaraman et al. (1961) for the equation (16) 
v^lueh mifortunately waB ropoaiod ill Anantaraman ot al. (1963). Caused by typographical 
error in the reprinta of the authors. 
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At: = {2h,-~TO^^+hJiT)[^i^{l+OI2+{iS+Zp){x^-x^)} 

XjX2 

— — '^22){i^+^’/' + ^(*l — ^2)}J ••• (25) 

-(<Ju-^22){i<J+3/>(|-a:2)4-%x-*2)}]+f3’-^'^ 

[^ 12(^2 i)4~(^n *^22)(^2+i)] •*• (2G) 

where A 12 == 2 ( 2 ^i 2 ~"<^'ii~“^ 22 ) other parameicns have been explained els(‘- 
wlierc^“*. A 12 and (^' 11 —^ 22 ) very small and can be treated as second order 
quantities. Hence, if we neglect the product of 0, d or p with cither A^^ or 
(5ii— ^ 22 ) wc arrive at the simple form due to Kowlinson. i.e., 



... (27) 

a?x^2 


h-B ^ 


... (28) 



v»^ = 

- (2 '’■+^ » ) 

... (29) 


It may be pointed out here that out of all the contributions to any excess 
funotionz^ only the contributions due to central forces are very strongly deju n- 
dent- on 0, S and p. On the other hand and are little affected by llu'sc 
parametcTs. For the calculation of z of any system wo now emcounter two un- 
known parameters fJ and A^g iu the' total expre^ssjon of ;2:^. We propoxse to calculate 
<9 and A 12 from the experimental values of two of the excess functions. We choose 
and for this purpose as these quantities are obtained from direct measure - 
ments and consciquently are more accurate and reliable. With the values oi 
6 and A 12 thus obtained M e w^ould then try to predict to test the consistency of 
these parameters and hence the proposed theoretical approach. 

Wo have calculated the excess functions of the systems carbon tetrachloride- 
fluorobenzene, benzeno-fluorobonzene and cyclohoxane-fluorobenzene systems. 
The and of the systems were measured by Anantaraman et aL (19611a, h). 

The results of the calculations have been summarised in Table I, The average 
values and are the averages of the results obtained by taking non- 
polar and the polar components as reference alternatively. 

Anantaraman et al, (1963) tried to analyse the results of these systems in 
light of their modified approach. They predicted the excess functions of the 
systems cyclohoxane-fluorobenzene and benzene-fluorobenzene more or less 



685 


Structural Effects in Non-Electrolyte solutions 

TABLE I 

Comparison of calculated and experimental excess functions at equimolar 
composition and 25”C in Cal. or ml. per mole 

(a) System : Carbon tetrachloride-fliiorobenzcnc 



S = 0.0058, p 0.0046, <7 = 

0.0324 

0 -= - 

-0.0138, 





Ai2 = 0.0159 







Calc. 

f.alc. Gale. Calc. 

Calc*. 

Calr. 


(5il( . 


Excess 


20^ 2d-® 

2*® 

ZpE 

l-otal 

total 

ExpL. 

fuiirlioji 

this 

t liis 

this 

this 



zB 


work 

t work f 

work 

work 

tliiw 

work 

t 



80.5 

A A 57 3 56.9 - 

-74.3 

— 2 . 2 

61. 0* 

61.3* 

61.0 

vE 

0.25 

0.01 0 IS 0.19 - 

- 0 33 

- 0.02 

O.OS* 

0.20 

O.OS 

(jE 

.51.7 

2.8 23.1 23.0 

28.5 

1 .3 

45.0 

25 . 8 

57.0 

(b) 

System 

: Benzene-fluorobenzene 





d 

= -0.0065, p = 0.0268, cr = 

0.0147, 

0 = 0.0113 





Ai2 = 0.0003 






f,B 

-49.0 - 

-.50 0 58 1 58.4 - 

-1.5 - 

- 5 0 

2.1* 

2.1* 

2.2 

vE 

-- o.os . 

- 0 09 0,18 0.18 - 

- 0.01 - 

- 0.01 

0.08* 

0 (>9 

0.08 

gF. 

-31.1 

-36.4 22.7 23.0 - 

- 0.6 - 

- 3.6 

-12.0 - 

-13.4 

0 

(c) 

System 

: Cj^clohoxanc-fluorobenzene 






5 = 0.0132, /)= -0.0321, <r 

= 0.0688, 0 : 

= —0.0250 




Ajo = 0.0044 






hB 

173.8 

154. .5 60.4 00.1 

— 20.6 

3.4 

217.0* 

214. C* 

217.0 

vE 

o.or> 

O.Ol 0 19 0.18 

- 0.10 

- 0,02 

0.72* 

0.79 

0.72 

(jE 

109. C 

102.5 21 5 24.0 

- 7 8 

1 .7 

128.0 

127.1 

130.0 


* Adjust od to experimental data. 

I aeeordiug to Bhattacharyya, ct al, (lOBJla, V>). 


satisfactorily but their calculated excess functions of the system carbuo- 
tetrachloridtsfluorobcnzone was in qualitative agrtHunent only with experimental 
results. The most, intoj-esting feature of this system is that the ('xperimental ratio 
of was very nearly unity whereas they found that the calculated excess 

functions were almost entirely of dipolar origin and thus the system should obey 
Pople’s relation which states that excess functions and should bear an 
approximate relation = 1/2 when they arc of pure dipolar origin. The 

calculated non-polar contributions were rather small owing to the small values 
of^andp of the system (i.e., p = 0.0046, d = 0,0068). The value of 6 of this 
6 
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Hystcin was also found to bo negligible and hcncc their result did not greatly 
differ from that obtained by Balcscu’s theory. These lead to a somewhat 
paradoxical situation and needs further clarification. So this system has been 
chosen as a test case for the present approach. 

From table 1 it is evident that agreement between the experimental and cal- 
culated for the system carbon tetraehloride-fluorobenzene by the present 
approach is much better and there is a substantial contribution from the striu - 
tural forc( 8 which is of almost c'qual importance with that of ctmiral and dipolai 
I'orces. The contribution due to polarisability conu's out to be very small in all 
cases as expected. For the systems beiizene-fluorobeiizeue and cyclohexamc- 
fluorobenzene the contribution due to structural forces arc relatively small. I'his 
explains the success of Allan taraman ci tti. ( ) to predict their excess func- 

tions more or leas satisfactorily. 

An interesting feature of the theory is that contributions of the structural 
forces are very similar to those of forces of dipolar origin for and But 
though the dipolar effects are always positive for a mixture of iion-jiolar-polar typ(‘, 
the structural effects may be (htliei* positive or lu'gative. The : gg^miio js 
also nearly ecpial to two for the lattcM*. This prescnits the possibility tbat tlio 
structural forces may canc('l or reduce the effect of tlu' dijxdai* foi'ces so that such 
a mixture may very well bchavt* as a mixture of non-polar eomponents, But 
as the : r,® is not same as that of such a simj)lifi(xl assumption may 

not adequately predict v^. This explains th(‘ ratio of lh(‘ system carbon 

tedrachloride-fluorobcnzene and clears up tlu‘ paradox prese nted by it. Thexiry 
also reveals another fact which should bo mentiomxl. I\>pl(^'s relation is meant 
strictly for pure dipolar effects. In an acteial mixtun* of ])olyatomic molecule^s, 
interactions due to diffenmt origins remain mixed up. So in the o|)ink)n of the 
author no conclusion as regards the nature of l]u‘ mixture can derived simply 
from a insjicction of the observed A® : g^. 
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THE NEAR ULTRAVIOLET ABSORPTION SPECTRUM 
OF CYCLOHEXYL BENZENE 

R. N. BAPAT 

Physics Dkpartmu^it, Colleok of Rcifn^ce, Nagpur. 

(ReceAved September 15, 1906) 

(Plate 7) 

ABSTRACT. Tho near ultraviolet absorption spectrum of oyclohexyl bonzono was 
studiod at different tone poraturea and with different lengths of tlio absorbing column. The 
,s})ootrum (ionsists of about fifteen broad and diflhso bands with the 0,0 band at 37500 era’ 
7’ho maximum number of bands is obtained by using a patli length of 300 cm. and fiOC. N'ibra - 
t iojial frequeiicios in flio excited state have values 528,940 and I 185, and oembinations and 
overtones of these are jiresont. Two bands have been observed on the longer wavelength 
side of the 0,0 baud at this temperature which are not present at tho room tomjiornturo. As* 
signments of differonl. frequencies are discussed. 

T N T K () 1) U C T T 0 N 

The spectrum of Binizone and rnonoaubstituted benzenes are w(dl known. 
It has been observed that most substituent groups perturb only slightly the 
bonzono nucleus and most of tho charactoristion of tlu^ benzene nucleus are main- 
tained. The vapour spectrum of a number of complicated molecules were studied 
by Robertson, Music and Matsen (1950) to find the amount of modification in the 
fjonzene speetrum and the measure' of the' extent of perturbation by the substi- 
tuent group. Phenyl cyclolioxane was one of the substances studied by them 
ill th(* vapour state and microphotometer tra(*ings of the near ultraviolet absorp- 
tion spectra are given by them. It was found that a large int(Taotion mov('s tho 
absorption of the monosubstilutod benzene to longer wavelengths. They also 
state that the transition is certainly Alg-B2u. TJiey have also given th(^ excited 
state vibrational frequencies as 315, 520, 939 and 1187 for phenyl cyclohexane 
or cyclohexyl benzene. The spectrum was studied by these authors to find the 
ring strain. In the present case the near ultraviolet absorption spectrum of 
cyclohexyl benzene or phenyl cyclohexaru' has been studied in details by taking 
different lengths of the absorption coloumu and different temperatures. The 
vibrational analysis is given. 

E X P K K I M E N T A h 

Cyclohexyl benzene is an oily liquid with boiling point 237 .5° C. The liquid 
was distilled and the fraction of the distillate before tho boiling point was reached 
was discarded while the liquid distilling at the temperature corresponding to the 
boiling point only was taken for the experimental work. Absorption length 

687 
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used was 300 cms with open cell while the temperature of the absorbing column 
was changed from 30°C to GO'^C, Increasing the temperature further did not show 
any improvement. Hilger’s medium quartz spectrograph was used to photograpli 
the spectra with Ilford special rapid plates. Exposure of about 16 minutes was 
given using Hydrogen discharge lamp. The bands were measured by means of 
a Hilger comparator, iron lines being used as standard linos. The wavelength of 
the bands were calculated by Hartman dispersion formula. The wavelength of 
the bands given in Table I represent the mean obtained on five different plates 
and are expected to be correct to Tfi cm""^ as t he nature of the bands is diffuse, 

RESULT S 

Cyclohcxyl benzene absorbs in the region 2700 to 2400A in the vapour phase. 
About fifteen bands were obtained in this region. At room temperature about 
seven bands are observed. There is no band in the .longer wavelength side of 
the 0,0 band. As the temperature is increased from 30°to GO^’C all the bands 
mentioned in Table I appear with maximum intensities. A reproduction of these 

TABLE I 

Cyclohexyl benzene bands 2700 to 2400A 


A in air 

A 

Wave number 
in vacuo. 

Intensity 

(visual) 

soparaiiin 
from (0,0) i.o. 

37590 Om-i 

Assignment 

2704.7 

36961 

1 

C>29 

0 624 

2670.6 

374,3.5 

2 

1 .5.5 

0- (47 

2659.5 

37590 

10 

0 

(0.0) 

2640.6 

37858 

2 

268 

0-1 268 

2622.7 

38118 

8 

528 

0 + 628 

2594.6 

38630 

6 

940 

0 1 940 

2678.2 

38776 

2 

1185 

0+1185 

2559.8 

39053 

4 

1463 

0+940+528 

2643.3 

39307 

1 

1717 

0+1185 + 628 

2632.3 

39477 

1 

1887 

0+940+940 

2516.5 

39726 

1 

2135 

0 + 940 + 1185 

2499.9 

39989 

2 

2390 

0+940+940+628 

2484.1 

40243 

0 

2663 

0^040+1186 + 628 

2473.2 

40421 

0 

2831 

0+3x940 


0+2x940+1185 


2469.7 


40643 


1 


3053 
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Fig. 1. Absorption Spectrum of Cyclohexylbenzene 



60" C 


40 ’C 


30’C 


Fig. 2. Effect of Temperature on Absorption 
Spectrum of Cyclohexylbenzene 



On the Electrio-Quadrupole Transitions, etc. 689 

is given in fig.l and Fig. 2 (Plato 7). Increasing the temperature further was 
found to bo of no use and no new bands appear. The data on the observed bands 
together with the proposed assignments are givtm in Tabh^ T. Th(‘ analysis is 
discussed above : 


DISCUSSION 

Cyclohexyl benzene may be considered as a monosubstituted benzene. The 
l)cand8 observed are all broad and diffuse. Tlie ])nncipal progression with frequency 
of 940 is observed as in most cases of substituted benzene. This progression can 
be explained as due to the excited state firequency corresponding to the totally 
symmetric frequency near about lOOOcm-'^ in the ground state, which corresponds 
to the totally symmetric vibration frequency 992 ciii"^^ in benzene. This excited 
state frequency 940 cm“^ in case of cyclohokyl benzene corresjjonds to thc^ ground 
state frequency 999 cm”"^ given by Raman Spectrum . The second intense band 
at 38118 cm“^ is separated from the 0,0 band by 528 cm“^. This excited state 
frequency is found to be in combination with other excited state frequencies and 
can be correlated with the ground state' frequency (524 cm'"^ observed in the Raman 
spectrum. The third excited state frequency 1185 cm”^ can be correlated with 
the ground state frequency 1203 cm*"^ observed in the Raman effect. All the 
observed bands could be assigned in terms of these three excited state frequencies. 
On the longer wavelength side wdien the temperature is raised two bands appear 
with ground state frequencies 155 cm^^ and G29 cm"^. These could be assigned 
as due to the ground state frequencies 147 cm~^ and 024 cm~^ observed in the Raman 
HXjectrum. It has been observed that the monosubstituted benzenes have a very 
characteristic Raman band near 620 cm-^ and this has been the case in cyclohexyl 
benzene also. As such the interpretation of the spectrum of cyclohexyl benzene 
as the spectrum of a monosubstituted benzene is justified. 

Jl E F E K F N V E 

Kobert-aon, W. W.. Muaic F. and Mntsen F. A,, lO.lO, Journal American Chemioal Soc. 

72 , 5200 . 
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MAGNETIC SUSCEPTIBILITY AND LIGAND FIELD 
BEHAVIOUR OF PURE AND DILUTED 
CRYSTALS OF FeSiE, . 6H2O 

MANJU MAJUMDAR and SUNIL K. DATTA 

InDTVN AsS 0('T\T10N Foil TUK OrUTTV ATTON^ f»F RriEN('TC, rALCi:rTTA-32, 

(Erccimf Jammry 28, 1007) 

ABSTRACT. Tho magnt^if* aiii8o<i\)py ami susueplibility of FoSiF^. Olf^^O 
b('('n lYioastirud ifi tlit^ toinpomturo rau^o 300 ^ 00''K. No p)in«o t?*aiisition has boun observed 

ill this frvcil al, in (‘onlrast to the cast' of the isomorphoiis colialt and manganosc waits. iVh'tisiirp- 
niunts cai < rv.s(als dihitfMl with Zii8iFQ.0H2O in ratios of 1 ; 1 nod 1 : 10 show that tho dilana 
ions do not rndiually modify tlio natoro and symmidry of tho ligand Held at the fenons ion. 
as in lli<‘ latti'r ('as('s, Howovor, tho nxporimontal data may bc' fittod wit-h a rofiiiod tboorv 
(wliioh im-hidoK the effects of th(» trigonal fi('ld and tho spin orfiit interaction and tho covalen' v 
factor.s) on the plausible assumption that tho anisotropic field paramoit'r changes with Pan- 
perature, the variations being more drastic in the dilute crystals Ilian in the pure in tlio tom- 
poratnro range studied. The availalih^ o.s.r. data have l)(*en analysed in tlu^ light of the abovi' 
findings. 


TNTKO DIM^Tl ON 

Among t he hexahydrated fluosilicaies of the iron group of (deincdits, ilie hu roiis 
salt is one of ttu^ most extt^isivt^ly studied from Iht^ magnetic and optical (in- 
clinling e.s.r. and Mossbamu* sptTtra), as vvidl as structural standpoints. Tli(‘ 
neutron diffraction analysis of the crystal by Hamilton (1962) shows the space 
group to be R3m with one molecuh' in tlu^ unit cell. Each Fe‘^^ ion is surrouud(‘d 
by six oxygens from tlie ligands, the oetah(‘dron Ixung (lon(/atrd along the [111) 
axis which coincides with tiie trigonal axis of th(‘ crystal. On the other hand, 
the magnetic susceptibility data of tfackson (1959) and Ohtsuka (1959) in th(‘ 
range 77''-l'^K show' that th(? susceptibility along the trigonal axis, ;\'i), is snialkd* 
than that in the normal direction, x± » apparently indicating that the octahedron 
is squat, on the point charge model approach (see discussions). 

The theory of the magnetic susceptibility of thti crystal was worked out by 
Palumbo (1958) to explain Jackson’s data, using the Spin Hamiltonian technique. 
However, only the lowest three levels in the ligand field and spin-orbit perturbations 
were taken into account on the assumption that A>>|A1, where A is tlx* 
trigonal field sjilitting parameter and A the spin-orbit coupling coefficient. 

In calculating the electric quadrupolo moment, of 14.4 keV state of 
from the Mosfl])ai]er spectra of FeSiF^, fiHgO, Eichcr (1963) (see also Johnson, 
et ah, 1962; Out) and Ito, 1964) deduced expressions for fine structure energy 
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levels and magnetic susceptibility. We showed Ihat the value of A which had 
been taken to be 1200 eiir ^ was loo hioli and sliould br «« 750 eni"^ to lit the 
suHceptibility as well as tb(‘ eb^et-rie (iiiadrupob* moment data, ilowevei*, he did 
not consider the effects of the overlap of the 3d eh'etioii orliitals with ihv lij^and 
oxygen orbitals. These effects have be<‘n tukiii into account by Bose and Kai 

(1965). 

Previous investigations on other isoinorphons eiystais of this se rk s, (‘.g., the 
manganese (Tsujikawa and Coutun^. 1956), cobalt (JMajumdar and Bat t a, 1905) 
and copper salts (Thesis, Majuiudar ]96(), unpublisluMl) i(‘V('al a phase transition 
ill the region 220"— 270"K with the formation of a diybrid' (aystal (Ubbelohdt' 
and Woodward, 1945) of a 1ow(m* symnudry at low tenipenitiirc's. Ouj* magnetic 
data on iho cobalt and copjier salts indicate a (hastie ebange in the ligand field 
symmetry and strength which accompanies th(‘ phas(‘ transition in these crystals. 
On diluting the crystals witli the zinc or manganesi‘ salts the occurrence of the 
phase transition was found to be depond(‘nt on the natiin' of th(‘ dilmuit. It may 
bo noted here that the neutron diffraction data (Hamilton, 1962) do not show 
any i*vidence of an order-disorder transformation in bVSih\j. (ill^O down to 9(PK. 

In the pres(‘nt work ^y(^ have investigated th(‘ magnetic behaviour of the un- 
(lihiti'd ferrous salt, as well as those diluted with th(' zinc salt in different propor- 
tions with a view to studying phase transition ^ fleets if any, and to coirelate the 
refined tlu'ciy of Bose and Rai (1965) with our (‘xpcrimental data in the range 
300 ’ — OO'^K, as also those of Jackson (1959) at 77' K ami lower. 

K X E U 1 M E N r AND It D S T I. T S 

F('itous Huosilicate was pn^pared by dis.solviiig 99.9'\, [nwv iron wire in cold 
dilute hydrofluosilicic acid (prepared '^ by tin' gradual action of powdered 
([uartz with dilute hydrofluoric acid). Tlie solution was eoiicentrated in a desic- 
cator connected to a water pump and crystallized over sulphuric acid in a nitrogen 
atmosphere. The pale green prismatic crystals ga\'c* an assay \alue of 99.5% 
Pe/^’ and were almost indi‘finit<4y stable when stoi e.d in a cool and dry atmovsplu re. 
The zinc salt was prepared from reagent (|uality zinc carbonate and HgSiFg, 
followed by evaporation and crystallization. Mixed crystals weuc' prepared and 
analysed in the usual manner, in all cases repealed fractional crystallization was 
performed to achieve the highest degree of purity. 

The magnetic anisotropy, Ay, of the crystals was nu‘asiii ed in a f oi sion balance 
reported earlier (Majuindar and Datta, 1966). No detectablii anisotropy was ob- 
served down to 90°K in the plane normal to the trigonal (c) axis in cither the pure 
or the diluted crystals. Measurements in different planes containing the c axis 
gave identical anisotropy, as shown in figure 1, which includes results for two such 
orientations. Neither any sharp change in colour nor any abnormal thermal 
expansion of the crystal was observed. These facts reveal that these ferrous 
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salts do not undergo any change in crystallographic, and hence magnetic symmetry 
in the temperature range studied, in contrast to the case of the cobalt and cobalt- 
manganese mixed crystals. 

For the measuremenl of magnetic susceptibility, Xi^ ^ Curie-type torsional 
balance designed by Bose et al., (1964) was used. The crystal was mounted with 
the c-axis vortical and the susceptibility measured in the horizontal plane. The 


2.5 


T 


o 

o 


2.0 


I 


1.6 


1.0 


MAVjNtTiC mNIOSTROPY or (fc, nzr) 


O n O’BS*; 
o n- 9-Bl 



100 200 300 

T(°K) 

Fig. 1. Magnetic anisotropy of (Fe, nZn) SiFe.OHaO. 


observed values of anisotropy and susceptibility, and (Xi)ob6J 

of the mixed crystal were corrected for the diamagnetism of the constituents 

from the relationship : 

(Afi. -Afii)? = (xi -A:il)<. 6 .-(«+l)(A:i -X\\)zn 

iXi)p = (Xi)ob>-in->tl)Xi„ 

where the quantiti(js with the suffix p stand for the Po(H 20 )fl 2 + complex, the sub- 
script Zn denotes the zinc salt and in (2) the suffix i stands for || and n being 
the number of moles of the zinc salt per mole of th(^ ferrous salt (evidently n 
zero for the undiluted crystal when the residual diamagnetic term in (1) refersio tlie 
Fe^* salt only), the difference in the diamagnetism of the ion cores of Fe^^ 

Zn^* being neglected in comparison with ^x Xv The diamagnetic suscepti- 
bilities of the zinc salt were found to be : ;\'x ~ —135.8 and x\\ = —136,6 in the 
usual 10“® cgs em units, and were found to be temperature independent. 

The anisotropy data for w — 0, 0.856 and 9.81 are shown in figure 1 . How- 
ever, the susceptibility data for only the first two are shown in figure 2, since the 
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Under a trigonal distortion of the octahedral field the split components of 
will mix with those of Eg^ from which it is possible to calculate the admixtural 
coefficients an, ax along and normal to the trigonal field axis (Abragam and Pryce, 
1951; Bose and Rai, 1966). In our present work we shall take an, ax', to bo 
adjustable parameters. We then make use of the fact that the set of wave func- 
tions (3) behave as atomic P-functions with an effective orbital quantum 
number U Using the technique of Abragam and Pryce (1951) we classify 

the states according to the m{= AT/Z+iH^) values. The Hamiltonian for the 
trigonal field and spin-orbit interaction is then written as 

H = ... (5) 

where = (| or | ) is the spin orbit coupling coefficient along and normal to the 
trigonal axis, reduced from the free ion value and rendered anisotropic because ol 
covalent overlap between central ion and ligand charge clouds. 

The 16x16 matrix corresponding to Jf/,' = 1, 0, —1 and — 2, 1, 0, 
— 1, —2 can then be broken up into two cubic (for m 0, ~ ±1, the former 

further reducing to a quadratic and a linear equation), a quadratic (for m = i2) 
and a linear (for w = ±3) equations. The final expressions for the nine energy 
values are : 

(a) m = 0 : 

= Jf(a|,^,|+A) ± {(aH^,|-A)2+24ax U '“}*] , 

... (fi) 

{—ve for s = 0, -\-ve for .s = 6) ^ 

Et = ailCll (for s = 4) 

(b) TO = ±1 : 

Ej — (j == 1. 3, 6) where x/s are the roots of the cubic 

equation 

3^-(2+A)^x^+(2A-5B^)x+iiB’^ = 0 ... (7) 

A = (A/aii^ii), B = (ax /an^n) 

(c) TO = ±2 : 

Et = |[(A— a||^[i)X{(A+aii&i)+8ax 

—ve for t — 2, +ve for r = 7 ... (®) 

(d) TO = ±3 : 

== -2aiiC:„. ... (0) 

Here, and in the following expressions the suffix j stands for p = I, 3, 6, « for 
p = 0, 4, 6, and f for p = 2, 7, p = 0, 1, ... 8 representing the nine energy levels. 

The levels corresponding to Eg are singlets, while the rest are doublets. 
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The principal magnetic susceptibilities of the Fe(H 20 )g 2 + complex, K„ and 
i^x along and normal to the trigonal axis, are then calculated from the first and 
second order Zeeman terms, 


<f 

nm \l^\^nm> and 


^ I f,m 

n,m 


2 


whore the magnetic moment operator //, takes the form 
All -=/?(-aiifc„L/ + 2>Sr2) 
and Ai = 

(dr the || and directions of the ligand fi<dd, respectively. The final expression 
for susceptibility is 


kTZVj 


U !: (7ij<»’>cxp(- 

/ Vj)-rO ' 


kf 



V’)}] - 

wher(‘ ^ = z for — \\ 

and ^ X = ?/ for ^ — j , 

and an' the first and the second order Zeeman terms defined above, 

Z is the partition sum S W exp (E(,—Ep)lkT, W being the degeneracy of the 

V 

p-th level. Tn the following expressions for the G/’s, q is a floating index which 
takes the values as indicated. 

j - I, 3.6 

= 0 

GJ*!,'') 2[V(2-a||fc||)+4a„2f for t - 2 

and = 2[Oa2(2-a||Jfc|,)+4&2T for t-^1 

2(4-a„fc„)2 

= S {2{4c-\-(x,\\k\^CjCq-\-2hfiq—a,\\k\\aja^l{Eq—E)) 

9 

(? “ j) 

= 2{2+a\]k\\)^aJ)2l(Eg—Ej) (? = 2, 7; q 



696 


Manju Majumdar and Sunil K. Dutta 

(?«<*> = S {2 I <s I 1 g> I ViEa-E,) 


g(= 0, 4, 6; «) 

I <« I /f,i I g> I * = 2ao®(2+a||*||)2 for «, g = 0, 4 
= 26o‘*(2+a||fcii)® for s, q ^ 4, 5 
= 0 for s, q = 5, 0 

G'2,<«> = 0 
= 0 

t t 

= S 2A,i*l{E,-E,) 

G'2*‘8> = S 2C,^HEt-Es). 

where 

A$j — "s/S (a^6Q+6j-a'o)+2c^aQ, (« = O) 

V2 

-4.,- = V3a^+ — v/2c,-. (« = 4) 

•\/2 

A,} = VSCMi— 2ao&i)— (6o&j— 2ao<*^.) 

^2 

+ V26<,6i (« = 6) 

== (\/6 62aj4-2as6j)— {&A4-«aCy). (* = 2) 

^2 

Rlj = (\/6®2®i — 262^^) — ~~ (^y®2 '^) 

-v/a 

(7,= ( 262-^a2).(< = 2) 

= {2a^+ ?l!^ 62 ),(« = 7) 
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aj = 


V 3(2a||g i|— -gj) 

■y/2Ej 


Cj ; bj = 


V2ai Cl 


aj +bj^+Cj^ = 1 


^2 — 


V2 a x ^jL 


bof 




and ki '& (i = 1| , JL) are the orbital reduction factors along and normal to the 
three-fold axis of the complex. 

DISCUSSIONS 

Our magnetic measurements show the absence of any phase change in ferrous 
fluosilicate, as has been observed in the manganese, cobalt and copper salts. 
The structure of all those salts appears to be the same at room temperature 
(Pauling, 1930) and is a close-packed one. The reason why phase transition occurs 
in only some of these crystals and not in others is not yet clear. The thermal 
stability of the crystals is probably more directly related to the geometry of the 
packing and lattice dynamical conditions than to the configurational instability 
of the metal-ligand complex arising from the electronic degeneracy of the central 
ion (Jahn Teller effect). It may be noted that both Co^^ and have an orbital 
triplet level lying lowest in a cubic field which splits leaving lowest either a singlet 
or a Kramers’ doubh^t under the action of the lower symmetry field and spin orbit 
coupling and should, therefore, be stabilized against Jahn-Tellcr distortions 
(Van Vleck, 1960). 

Because of the non-occurrence of a phase transition in either of the Fc^^ 
and Zn2+ salts in the temperature range studied, the effect of the latter in the mixed 
crystals is mainly to ‘dilute’ former ions in the lattice, in contrast to the case of 
the Co, Zn mixed crystals whose magnetic (and similar) properties are quite dif- 
ferent from those of the cobalt salt which shows a phase transition at low tem- 
peratures (Majumdar and Datta, 1965). Thus, for instance, the . Ax vs. T 
curve for the Fe^+ salt and that diluted with about an equal part of Zn^+ 
are very similar (sec figure 1). However, the slope of these curves decreases with 
increasing dilution, indicating that the strength of the anisotropic ligand field and 
its thermal variation is dependent upon changes in th(3 crystal lattice brought about 
by dilution and their induced effects on the primary Fe(H20)e^^ cluster (Van Vleck, 
1939). The effect of dilution on the e.s.r. jf- values is discussed later. 

In calculating the energy levels from the above theory one observes that the 
lowest level turns out to be a singlet for negative values of A while it is a 
doublet for positive values of it. The susceptibility data of Jackson (1969) 
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at low temporatures, as well as our data at high temperatures can be explained 
only on the assumption of negative values of A. The resulting energy level 
structure and the nat/ure of the thermal variation of susceptibility are mainly 
responsible for the observed fact that Xi > A'll fhe temperature range 
studied, although the Fe(H 20 )g octahedron is shown to be elongated from the neu- 
tron diffraction data (Hamilton 1962). 

In correlating the theoretical expressions for the susceptibilities of the ionic 
complex, Ki, with the experimental values, Xh iXi ~ fherc being one molecule 
in the unit (jell), we have obtained by trial and error a set of values of a^*, k\, 

(/ = i| , JL) ^ which would give the best fit with the anisotropy and susceptibi- 
lity data. VV(‘ have assumed the first three parameters to be temperature inde- 
pendent, only A being assumed to vary with temperature (Bose, ei al. 19(50, ct 
seq.). As mentioned earlier, Eichcr (1963) chose the variable to be the Figgis 
parameter ^ ( = A/ [ A | ). He found that S varied with temperature in the rang(^ 
1°— from 6 to 9 in the perpendicular direction but remained constant at 7.5 
in the axial direction. However, there seems to be absolutely no reason why S 
should be different in the two directions and vary with T in only one of them 
while remaining constant in the other. Furthermore, as already mentioned, he 
did not take into consideration the covalency factors, as w'e have done here. In 
the table III wt have given the values of tlu' fixed parameters at the lop 
and have shown how A has to be varied witli T to give a good fit with the 
experimental data. 

The values of the parameters and Ut^i chosen here are of the expected 
order of magnitude, since the admixture coefficients at are likely to be only slightly 
less than 1, the spin orbit coupling being small; furthermore*, the orbital and spin 
orbit reduction factors are generally known to be between 0.8 and 0.9 for the 
M(H20)e2+ complexes. The energy levels thus calculated have been labelled 
licre as A'j,, ... E^ in order of increasing energies. It may be noted that the 

calculated values of the moments, /it, are much less sensitive to variations in ath 
and at^i than to changes in A in the temperature range studied. For the sake ol 
completen(*s8 we have included ihe experimental data of Jackson (1969)* in 
the range 4.2"^ and in the above table and have also shown the calculated 

values obtained with the chosen ligand field parameters. It will then be seen 
that A has to be varied from —686 cm“^ at SOO^'K to —830 cm^^ at IT'K and 
then chang(*d to —730 em*^ at 4.2'^K for the undiluted crystal. For the diluted 
crystal, however, the variations are much larger, A changing from —600 
at 300'^K to —1065 cm at 100°K. The substitution of Zn^+ for Fe^^ in the dilute 
crystal thus appreciably affects the ligand field behaviour of the Fe(H 20 ) 6 ‘^^ 
complex. 

♦The values of Xx had to be obtained by suitable transposition of his graph for Xi • 
T vs. T, and are necessarily approximate. 
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TABLE 1 

Magnetic anisotropy and susceptibilities of FeSiFa-tiBaO 
(interpolated values in lO"® cgs e.m. units) 


r(°K.) 

AX 

Xl 

Xu 

X 

300 

3,S5« 

12,107 

0,613 

I 1 ,5 1 6 

2 SO 

3,121 

13,325 

10.201 

I2,2S5 

260 

3,457 

14,350 

10,803 

13,1 OS 

240 


l.''...7S7 

1 !,0S1 

J 4,285 

220 

4,53 1 

I7.0<)i 

12,557 

i 5,580 

200 


1 S.OOO 

13,670 

17,157 

ISO 

0,117 

21,107 

15,050 

10,128 

160 

7,:5 1 ;! 

23,1)38 

16,625 

21.501 

1 U) 

0,«.S(! 

27.136 

18,400 

24,424 

120 


32, 1 .S3 

20,750 

28,375 

i 00 

1 1,.')7<* 

3S.S0U 

24,230 

32.044 

iH) 

I0,J'»7 

43,122 

26,665 

37,633 


TABLE II 

Magnetic anisotropy and susceptibilities of l'eSiI''g.6H20, 
rtZnSiFa.HHgO (interpolated values, in 10~® cgs e.m. units), 
(n == 0.855). 







WK) 

AX 

Xx 

X,i 

X 

300 

2,484 

12,144 

!),660 

1 1 ,3 1 6 

2vS0 

2,760 

1 3,030 

10,260 

12,109 

260 

3.108 

I 1,023 

10,015 

12,987 

240 

3,522 

15,252 

1 1 ,730 

14,078 

220 

4,060 

1 6,680 

12,620 

1 5,327 

200 

4,683 

18,421 

13,738 

1 6,859 

180 

5,518 

20,593 

15,075 

18,7e54 

160 

6,650 

23.300 

16,650 

2 1 ,083 

140 

8,245 

26,835 

I 8.590 

24,087 

120 

10,622 

31,628 

21,100 

28,113 

100 

1 3,850 

38,625 

24,775 

34,008 
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TABLE III 

Thermal variation of the anisotropic field parameter, A, in 
(a) FeSiFe.6HjO: 


11 

0.8; aj, kx = 

0.8; a|, ^11 

= — 87 om-i; 

t- 

II 

—90 cm"^ 




1^11 


txi 

TCK) 







nbs. 


ob.«!. 

rale. 

300 

686 

4.802 

4.812 

6.463 

5.460 

250 

730 

4.752 

4.732 

5.468 

5.465 

200 

770 

4.676 

4 . 650 

6.497 

5.487 

150 

800 

4.573 

4.550 

5.534 

5.500 

100 

8J5 

4.401 

4.365 

6.570 

5.540 


(from 

Jackson’s 

data, 1959) 



77.3 

830 

4.247 

4.227 

5 . 50 

5.53 

20.4 

780 

12.71.5 

2.752 

5 . 75 

5 . 826 

4.2 

730 

0.758 

0.782 

4.44 

4.51 

FeSiF,.6H,0. nZnSiF,.6H20 : (n = 

= 0.865) 




= 0.8; kx 

= 0.8; aiifii = 92 cm~^; 


= 94 cm~^ 

300 

fioo 

4.8J7 

4.835 

5.495 

5.510 

250 

ftoo 

*1.713 

4.7.58 

5.459 

5 484 

200 

9.10 

4.690 

4.650 

5.422 

5.425 

150 

O.'iO 

4.561 

4 550 

5.399 

5 . 400 

100 

1065 

4.497 

4.470 

5.403 

5.412 


Since the lowest level in ferrous fluosilicate is nondegenerate, Ef^, and the next 
higher level, Ei, lies over 10 cm“^ higher up, no e.s.r. spectra can be observed 
in this crystal with the microwave frequencies and magnetic fields ordinarily 
used (Abragam and Pryce, 1951). Ei being a doublet will of course, be split by 
the magnetic field, and an e.s.r. signal, if observed, will correspond to a forbidden 
transition. Some estimates of the effective g-valnes were therefore made by 
Palumbo (1968) from the susceptibility of Jackson (1959). Using a third order 
perturbation technique and considering only the three lowest energy levels, he 
showed that good fit with the experimental data could be obtained at low tempera- 
tures on the assumption A> > ] A | , if one used a fictituous spin quantum number, 
S' = 2 in the usual Spin Hamiltonian formula. The following values were 
deduced : go = 2.00; — 2.12; D = 10.9 cm“^; A == 1200 cm“^. Almost the 
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same values were arrived at by Ohtsuka (1969) from his own a.c. susceptibility 
data at low temperatures. The fit with the experimental data above 77°K is 
very poor, apparently because of increased population of and higher levels 
at high temperatures. 

Rubins (1962) has reported c.s.r. data in Fo, Zn mixed fiuosilicates. He 
deduced the gfn-values somewhat indirectly in crystals containing 2, 10, 20 per cent 
of the Fe*^ salt as 2.38, 2.4, 2.2, while g± in only the first crystal was estimated 
as 2.6. These have been ascribed to transitions between the M,' - - 1 doublet. 

For the undiluted crystal gr,, was found to be ~ 9, ascribed by him to transitions in 
the Mf' = i2 doublet. These transitions, usually forbidden, were assumed to 
occur because of second order splitting of th(^ Zeeman levels. 

We have calculated the first order gr- values for transitions within the doublet 

from the corresponding wave functions using the relationship : 

!/:i - 2 1 I -a|,fc„4'+2S, \^h>\l 1/x = 2 1 <>, I -a, k^^L^'+28^\f_,> \ 

whicli come out as : {/n = 3.88, = 0, which are considerably different from 

those reported by Rubins. This apparently arises from the extensive substitution 
of Zn** ^ for Fe2+ in the crystal lattice which modifies the ligand field behaviour 
at the ion in the crystal. 

We are grateful to Prof. A. Bose, D.Sc., F.N.I., for his keen interest and 
iielpful suggestions in connection with this work. 
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ABSTRACT. Tho algebraic exprcBsioiiB for the oscillator Btrengths of the elofarn 
quadrupole transitions in kd'’^ octahedral complexes have boon derived. Tho oscillator str<wigl}i 
of a partifrular transition has been shown to bo dependent on and the energy separn- 

tion of tho two states in whicjh the transition is taking place. A misconception regarding 

<r3> has boon pointed out, though fortunately it does not ofToct too much the magnitu(l<*H 
for the oscillator strengths. 


INTRODUCTION 

In this paper we derive the expressions for the oscillator strengths of tho oIca . 
trie quadrupole transitions of — 3, 4, 5;rt = 1, 2, . 9) octaluxlral complexes. 
It is well-known that the oscillator strength of an electric quadrupole transition 
is of the order of 10~® and therefore much too small compared to that of oIim I ric- 
dipole (/ ^ 10“^ to 10”^) and magnetic dipolo (/ 10“^ to 10”®) transitions. But 

it may become important in those cases whore the electric dipole or magrudh - 
dipole transitions vanish or are abnormally low. have also derived the alg(^l>- 
raic expressions for the oscillator strengths of electric and magnetic dipole transi- 
tions which will be published, shortly. The <r^> have been calculated using 
(a) hydrogenic, (b) Slater, (c) Richardson-Watson’s wave functions. Thor(‘ is 
a misconception regarding such calculations for the crystalline complexes wJiidi 
has been cleared up. The details of this misconception has been discussed in 
details in the next chapter. 

THEORY 

The oscillator strength for the electric quadrupole transition is given by 
(Griffith, 1961) 

where i and j are the three components of the vectors. Eqn. (1) can be reduced 
to the standard form by using the relation 

(Ea~Ei) <o|')ry 1 6> = -i <a\{—i^}) \ b> (2) 

fW 
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Eqn. (2) is valid provided the eigen functions a and b an* the exact solutions of the 
Schrodingcr’s equation and therefore strictly valid for a single electron in a central 
force field (the hydrogen atom problem). Using Eqn. (2), we get 

<« I n Pi+rj Pi 1 =- 27rimv«6<a | r* J | b> 


= ~2nim'ia^<a\ Nt)\b> .. (3) 

where Nij is the quadrupole tensor and v is the energy difference in cm-^ between 
the ground and the excited state under consideration. The quadrupole tensor 
— ► 

for a single electron has for its components xy, yz, zx and x^—y^, 

In octahedral symmetry ()*, {xy, yz,zx) form a basis for and {x^—y^, 2 ®— l/3r*) 
form a basis for eg. The quadnipole tensor for n electrons, therefore, has off- 
diagonal elements which form a basis for Tig and diagonal elejnonts forming a 
basis for Eg. It can be easily showii that the diagonal elements vanish between 
the ground term and all the excited terms. We are therefore loft with only 
Tig. Thus our Eqn. (3) can be written as, 


<o]T< p) + rjpi\b> ~ —2nimyiab <a ] ry | b> 
The Hamiltonian for Eqn. (2) is given by 




n 


s 




( 


1 

2m 


V- 


rk 



n p2 

s 

k<\ ^k\ 


(4) 

( 6 ) 


where j)k the momentum vector of the ^-th electron and its distance from the 
micleiis, ni the mass of the electron, —e its charge, + the charge on the nucleus 
and the distance from the k-th to the A-th electron. It is important to note 
that in the above Hamiltonian there is no term representing the potential energy 
fo? the crystalline electric field of a particular sj^mmetry. 

We now test the equivalence of both sides of Eqn. (4) by using the different 
types of wave functions i.e., the hydrogenic, Slater’s or Hartree-Fock self consis- 
tent wave functions. We, however, notice in Eqn. (4) that the R.H.S. is always 
non -vanishing for crystalline complexes. When an ion enters into a crystalline 
complex with the ligands (negatively charged dipoles) surrounding it in a particular 
symmetry then there will be splitting of the energy levels of the ion due to the 
cl(!ctrostatic interaction of the crystal field produced by the ligands (Bethe, 1929). 
For example, when Ti®+(3d^) forms an octahedral complex, the 3tf-stato of the ion 
splits up into Eg (doublet) and T^g (Triplet). The mean energy separation of 
Eg and written as 10 Dq. This is our Va^ lii Eqn. (4) which is always non- 
zero for crystalline complexes. The matrix element <a | 1 6> is also non-zero 

because this is nothing but <f*> over the states a and b. Thus the R. H.S. of 
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Eqn. (4) is non- vanishing in-espectivo of tho form of the wave functions chosen. 
Now, the matrix element on tho L.H.S. of Eqn. (4) can be shown to be 

OQ 00 

t(“ 7^) [ 1 »■«(»•) («) 

^0 0 

after performing the angular int(^gration with the wave functions 



a(Eg type) = 






..(7) 


r 



where 

n(r) rR(r) and 

u'(r) = rR'ir) 



and the radial and angular wave functions an' already normalized separately. 

The reason for writing tho two different radial functions for Eg and is 
that the Eg and T^g wave fiinctioiiH intcjact differently with the (uibic fit lfl 
(Watson, 1960). If, however, we assume the same radial function forbotlw; 
and6(whichistheusualpractice), then 3(i shell is spluTical and will not iritenict 
v^ith the (!ubic fi(dd. This can be easily verified by integrating the integral in 
Eqn. (6) by parts assuming u{r) — whence the tlurd bracketed cxprt'ssiou 
in Eqn. (6) is identically zero and this is true for all the three types of wave- 
functions (i.e., hydrogenic, Slater’s and H-F wave functions). This Jiu'aus 
that tJie L.H.S. of Eqn. (4) goes to zero when tho H.H.S. rtunains uoii-vanishing 
always. TJms it is proved that Eqn. (4) does no longer hold good for tho (aystah 
line compleses. The physical reason of such inequivalence (ian be understood 
from the following arguments. The above mentioned wave functions are triu' for 
an atom or ion but when this atom or ion forms a crystalline complex with tlu* 
ligands then these wave functions are bound to bo distorted due to tho ciystalliiK* 
electric field created by the neighbouring ligands or in otlier words, the radial 
distribution of the electrons of the central ion gets somewliat altered and in any 
accurate calculation of the properties of such crystalline complexes we must 
the accurate wave functions if tluy are available. 

One method of constructing such wave functions would obviously be to start 
with the hydrogen atom problem after including in the total Hamiltonian a term 
containing the potential energy due to the crystal field and then try to solve the 
differential equation for the radial distribution which will now have different 
solution because of the crystal potential we have included. An analytical solu- 
tion even for a single electron (the many electron solution would bo enormously 
diflScult to obtain) would be difficult to get but the numerical solution can be 
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obtained with the help of an electronic computer. In one case such wave fuctions 
have been obtained by Watson (1960) and this is for Mn®+(3d®) in cubic field. 
In this case he has shown that the radial wave functions for Eg and would be 
different and he has found a very close agreement with experiment in his calcula- 
tion for lODq, including the sign of Dq (Kleiner, 1952). The wave functio are 

Vsz^- rMr) = exp( -Z,jjr)-f-pj3iVrj^3r3 exp (- Eiar) 

+Pi4^i4»-® «xp ( - 2 i 4 r)+pijiV ijr® exp (- Z^jf) . . («) 

WW'') = ‘‘XP exp ( - Zigf) 

+I»'i4-^14»'® exp (-^i 4 r)+P'iB^i 6 »‘® exp (-Zijr) 

The magnitudes of ^i 2 > ^ 12 * P '\2 *ds paper (Watson, 1960) 

and we do not mention them liere. 

Using the above functions we have calculated l)Oth the sides of Eqn. (3) 
and find that the non-vanishing equivalence of Eqn. (4) is fully maintained. 

Hence before calculating the oscillator strengths of tin* electric quadrupole 
transitions we must remember that we are using the corre(;t crystal field wave 
functions in which cas(5 only wo can proceecl to calculate the R.H.S. of Eqn. (4). 
The matrix element <r^'> on the right hand side of Eqn. (4) does not vary too 
much (within 2%) whether we use the free ion wav(3 fum^tions or the cubic field 
wave functions. The following Table I gives the magnitudes of the radial part 
of the matrix (4ement in atomic units f(»r the different t 5 rpe of wave functions 
chosen : 


TABLE I 


Type of wave function 

1. Hydrogonic* or Slater 

2. Hartree-Fock 

3. WatHon’s Cubic Field 


<o| r, r,| 6> 
in A.U. 

4.01780 

I 54803 

1 .53955 


It is evident from Table I that if we calculate the oscillator strengths using Hydro- 
genic or Slater's wave functions then the calculated values of the oscillator strengths 
would be about five times larger than those t*alculated with Hartree-Fock or 
Watson’s cubic field wave functions. 

Inserting Eqn. (4) in Eqn. (1), we get, 

.)« 



606 


A. 8. Ohakravarty 


when* t/ is the psendo- vector (»/«, zx, xy). 

Using Slater’s determinantal wave functions and in the strong field approximation, 
the n ehxdron matrix element is reduced ultimately to that of a single electron. 
The oscillator strength is then calculated in the usual way from Eqn. (9), where 
we use the following integrals : 

<yz\7)\z*> ~ <r*> <a*|7/|a:*— ya> — A <r®> 

<yz\v\x*- y*> =- - A <'•*> <xy\ri \ *»> <H> 

< *x|i 7 lz* > = A <r*> <xy\ti\ ji^—y^> = 0 

I V o W 


where 


00 

<r2> J B\^{r)rHr (K = 3, 4, 5) . . (10) 

kd 0 

In Tables IIA, IIB and IIC, wo hav(5 presented the values of <r^> for k 3 

kd 

4, 5 for different values of E^ff in the approximations (a) and (b) calcuIatod<r2^ 

kd 

also in the approximation (o), since the SCF wave functions of Richardson et ah 

(Richardson 1962, 1963) are available only for 3d^ ions. The Table III gives 

the algebraic expressions for the oscillator .Strengths of the electric quadrupolc 

transitions for the different configurations kd^{k = 3, 4, 5; — 1 through 9). 

For a particular value of k and n and for a particiilar complex, the oscillator strength 

for a particular transition can b(j immediately obtained from Eqn. (9) by inserting 

the proper values for v, the energy difference in cni"^ and <r2> from the Tables 

kd 

IIA, IIB and IIC into Table III. Lastly in Table IV we present a few magnitudes 
of the oscillator strengths of the electric quailrupole transitions for aquo comi^loxes 
of the transition metal ions. The experimental energy separation, v, between 
which the transition is taking place has been obtained mostly- from Ballhauseii 
(1962) and Jorgensen (1954, 1955) and also from current literatures. In our 

calculations we have taken <r2>g^ from Table IIA obtained by using Richardson 
et ah wave functions. 

From Table IV it is evident that the oscillator strengths are very small com- 
pared to those of the electric dipole (/~ 10“®— 10“^) and magnetic dipole 
(/^ 10“®— lO"”®) transitions. Since there is no experimental data available 
on these transitions at the present wo cannot compare our theoretical values. 
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TABLE HA 

Variation of ■®*// using Hydrogonic. or Slater -and 

Richardson et al. wave function. 



Zeff 

<»*“>3d 

using hydrogo- 
nic or Slater 
wave fiinotion 

Ions 

<r“>3d 

using wave func- 
tion of 

Richardson et at 

1, 

3.6 

2. 880634 Xl0-« 

Ti3+ 

0. 239096x10-“ 

2. 

4.0 

2 . 205409 X 10-« 

Y3 H 

0. 212284 X 10-“ 

3. 

6.0 

1.411462X 10-« 

Y2+ 

0.240972 X I0-i» 

4. 

6.6 

0. 836184 Xl0-i« 


0.191 940 X 10-i« 

6. 

7.6 

0. 627316 X lO-w 


0.21480X 10-“ 

6. 

8.6 

0.488396x10-“ 


0.173466x10"“ 

7. 

9.6 

0. 390986 X 10-« 


0 . 192286 X 10-“ 





0. 157286 X 10-“ 




Fo2+ 

0.173982x10 “ 




Co3^ 

0.143282x10-“ 




Co+2 

0.150598x10-10 




Ni2+ 

0. 142880 X I0-“ 




Cu2+ 

0. 120423 X 10-“ 


TABLE IIB 

Using Hydr<>g(*ni<^ and Slater Wavefuuctions with Varying 



Using Hydrogonio 
w.f. 

<*•“>4(1 

Using Slater w.f. 

4.0 

8. 821 638 X 10-“ 

4.730088x10-“ 

6.0 

6.646848 X 10-“ 

3. 027266 X 10-“ 

6.0 

3.920728x10-*® 

2.102261x10'“ 

7,0 

2. 880634 X 10-«o 

1. 644618 X 1 0-“ 

8.0 

2 . 205409 X 10-“ 

1 .182522 x 10-“ 

9.0 

1.742646x10-“ 

0. 934338 X 10-“ 

10.0 

1. 411462 X 10-»6 

0.766814 X 10-“ 

12.0 

0.980182 X 10-“ 

0.626666x10-“ 


TABLE lie 

<r^>5^ Using Hydrogenic and Slater Wavefnnetions 
with Varying Zgff 

I <H>6tf <f^>5d 



Using Hydrogenic 
w.f. 

Using Slater w.f. 

4.0 

23.629387x10-“ 

6.301170x10-“ 

6.0 

16.122808x10-“ 

4. 0.32748 X 10-“ 

6.0 

10.601960x10-“ 

2. 800620 X 10-“ 

7,0 

7.716718X10-“ 

2.057624X10-“ 

8.0 

6.907346 X 10-“ 

1 . 676292 X 10-“ 

9.0 

4.667633x10-“ 

1.244676x10-“ 

10.0 

3.780702x10-“ 

1.008187X10-“ 

12.0 

2.626487x10-“ 

0. 700130 X 10-“ 
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TABLE III 

The oscillator strengths of electric-quadrupole transitions of 
octahedral kd^ compleses 


Transition (gr— ► g) The Oscilator Strength 

Configuration (Ground State— ► /(Eqn, 9) 

Excited St) 




32 

736 


kd^ 


16 

245 

h 


-►ai'a 

16 

736 

nWc 

n 

kd^ 


32 


245 

n 

kd^ 


32 

2206 

n^mv^c ^ 0^2 
h 



32 

2206 

Me 



32 

2205 

h 



8 

736 




8 

246’ 



-♦®raa>{<a,»(»2’o)e»} 

B 

246 

a 



8 

735 




16 

245 

n*iny,’‘c 

H 

kd^ 


32 

2205 




32 

^5 
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TABLE III (Continued) 


Transition (g-^ g) 
Configuration (Ground State - 
Excited St) 




The Oscillator Strength 
/(Eqn. 9) 


71 -rnyf-’Q 

ms nr 

8 7r*mv®c 
246 h 

8 TT^mv^c 


<r^>" 


246 h 




8 

7r*tnv'*c 



246 

h 



8 

TT^mv^c 


kd^ 


64 

246 

7r‘*mv®c 




32 

736 

n^rnyPc 

h 

<H>a» 

kd^ 

^Tr\t2gH^T2)eg^^E)} 

8 

246 

n*m^c 

'^h 

<^>\d 



8 

246 

n^mv^c 

h 

<r^'^^kd 


^=>ra'»{<a/(“ra)«,=(i®)5 

8 

246 

7r*mv®c 

h 

<ir^>^ka 



8 

246 

7r^mv®c 

h 

<r^>^kd 

kd^ 

♦ri{<a,»(»ra)e,=‘(Ma)} 

~^*T,{t2a*meA’‘^)) 

16 

736 

7r*f?»v®c 

h 




16 

246 

7r^mv®c 

h 


kd^ 


32 

246 

rr^my^c 

h 



kd^ 


16 Tr*mv®o 
245 h 


<r*>^jbd 
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TABLE IV 


The electric quadrupole oscillator strengths for the Sd" transition metal 

ion aquo complexes 


Configuration 

5Ion 

Complex 

Transition 

Energy 

difference 

(cm"^) 

/Xl0» 


Ti®+ 

Ti(HjO)6’+ 

sTa->®E 

20,300 

0.0835 


VH 

V(HjO)6»^ 


26,200 

0.1890 




-1.=>T2 

17,100 

0.0196 


CrH 

Cr(H20)„»' 


24,600 

0.0284 

3d« 

Fea+ 

Fc(HaO)e*+ 

»Ta-^ «E 

10,400 

0.0069 

W 

CV+ 



8,200 

0.0011 





20,000 

0.0614 

W 

Ni2+ 

Ni(H,0)8*+ 


14,70J[I 

0.0339 

3d» 

Cu®+ 


»E-3T2 

12,600 

0.0076 
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NOTE ON ELECTRICAL RESPONSE IN A PIEZO- 
ELECTRIC PLATE TRANSDUCER WITH A 
PRESCRIBED INPUT 


N. C. DAS 

DErABTMENX OF MATHEMATICS, JaDAVPOB UnIVEBSITY, CaLCUTTA-32 
(Received Decemiber 7 , 1966 ) 

ABSTRACT. The electrical signal produced by a transient mechanical force has been 
calculated for a piozoolectric plate with rosistive loading at the electrical terminals. 

INTRODUCTION 

The investigation of responses (electoical or nieclianical) in a piezoelectric 
transducer is doubtless, an important electromechanical problem in acoustics 
and ultrasonics, specially in the detection of ultrasonic waves. The mathematical 
treatment of the phenomena has been undertaken by Fillipczynski (1956), Redwood 
(1951, 1961, 1902). These papers have, in fact, contributed in a large measure to 
the recent studies in the topic by Sinha (1962a, 1962b, 1963, 1965) Giri (1965). 
As a sequal to this set of problems, the present note sets out to consider the 
problem of determining the electrical response in a piezoelectric plate transducer 
subjected to a mechanical lorce-input which is partly constant and partly 
transient. 

PROBLEM, FUNDAMENTAL EQUATIONS AND 
BOUNDARY CONDITIONS 

We consider here a piezoelectric plate transducer executing vibration in the 
thickness mode. Let the thickness dii'ection of the transducer be taken in the 
direction of the or-axis and let its extremities be x = 0 and x = X. Our problem 
consists in determining the electrical response in a transducer owing to some 
prescribed mechanical inputs, and certain mode of displacements. 

It has been shown by Redwood (1962) that under certain assiimptions, 
the mechanical displacement in the x-direction satisfies within or without the 
transducer an equation of the type 

^ ^ c 
dfi ~p dx* 

where c is the material constant and p is the density of the material of the trans- 

ducer. 
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Let us seek a solution of the above equation in the form given by 

f = ^exp (—«<), to > 0. ... (1) 

so that 6 satisfies — 52 . ^ = 0 ••• (2) 

where o* = — , 

P 

Solving equation (2) we get, 

^ = ^exp +Bexp ( 5^ ) ... (3) 

where B are oonstants. 

Following Redwood (1961) the mechanical force F exerted on an area normal 
to X and the electrical voltage V across the transducer are calculated as followH : 

F-\-hQ = to^e exp (-to«) exp ~ j +B exp ( ^ j J ... (4) 

F--A{(nx-(no}+^ - (•">) 

where A is a piezoelectric constant of the material, Q the total charge at the surface 
of the transducer, the static capacitance of the transducer and the charac- 
teristic impedance of the material. Terms such as (Dx signify the value of 
I at a; = X. 

To ascertain the constants A and JB, we must enumerate the boundary condi- 
tions of the problem. The most general type of this problem may be thought of 
by having a transducer of impedance situated between two systems of mecha- 
nical impedances Z^ and Zg. Then the boundary conditions are that the strcssen 
and displacements are continuous at a: = 0 and a: = X. We write, at a? — 0 

(F,)o = (F)o 

«i)o = (Oo - (6) 

X ^ X 


and at 


mx = {F)x 
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where F and V are given by the equations (1), (3), (4) and (C); and so 


I = exp(-co()| ^exp j +Bexp( j| ... (7) 

= exp {-wO 1^1 exp ( - exp J ^ J | ... (8) 

= wZj exp (— —^1 exp | — “5 j + exp ^ ^ j | ... (9) 

= exp(— cooj^joxp^— ^ j -f-fijcxp I ) I ••• (10) 

= toZ2exp(— co<)|— ^2exp^— j ^-BgCxp ^ j j ... (11) 


where the suffixes 1 and 2 denote the entities and eonstants of the systems of 
impedance and Zg, respectively. 

METHOD OF SOLUTION 

We assume that the transducer is connected to a high-input impedance of resis- 
iance H, so that when Z^— > oo, — 0 and — B 2 0. From the conditions 
(6) the equations determining V are 

V = ^QR 

.4eip(-“) +Bexp{ ?? ) .- 0 

A+B ^ (12) 

wZj exp (— o)t).(— .x4,+ffj) = o>Zgex\) {—(ot).((—A-{^B)—hQ. 

V = h(A-{-B) exp (-(ot) - ^ 

Eliminating A, B, and Q we get, 

h exp (— <oo| exp ( ^ ) - e*P (“ ^ ) } { "exp((at) j 

(Z,-Z,)exp (- ^ )mZc+Z,) exp ( ^ ) 

... ( 13 ) 
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The constant Ai is to be determined from the applied mechanical input which is 
F = /j{l— exp(— JfcO}; K>0 and is a constant. Since this is introduced 
at a: = 0, we have, 

— i4i(0i32oxp(— wt) = f(,{l— exp(— fct)}. 

so that 

exp(<o(); 

and equation (13) takes the form. 


2J^o{l-exp(-t<)+h^} 

{(Z-Z,) eip( - ) + (Z.+ Z,) exp ( } 

This gives the electrical voltage i.e. the electrical response which is obviously a 
constant in part and transient in part. 

I am thankful to Dr. D. K. Sinha, Jadavpur University for his guidance 
in the preparation of this paper. 
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A NOTE ON ‘HAMMER’ TRACKS HAVING NO ASSOCIATED 

BETA PARTICLE 

G. C. DEKA 

(JOTTON COLLKOB, 0 A UH ATI 

{Received March 25, 1967) 

'Hammer' Tracks have been extcnsivi^ly invesiigated hy many workers 
during recent years. And a good deal of information regarding their natini^ and 
mode of decaj^s have been known. One thing, however, remains still obscure, 
e g. in a large number of ‘hammer' tracks the (‘xpi^cted beta tracks are found 
to be absent . The percentage of this absence^ observed by various workers as 
ttsted in the following table is rather significant. 

TABLE I 


Keroronco 

Beam Energy 

Typo of omnlHions ft.T. with no visible 
usod beta -track 

Warsaw group 

9 Gev/o proton.s 

NIKFI~R 

15% 

-do- 

24 G©v/r protons 

Ilford G r>. 

20% 

Munir (1966) 

950 Mov. protons 

Ilford G 5. 

22% 

Deka ot. al. (1961) 

4'5 Gev/c TT— mosoDB Ilford G 5 

40% 

Pathak (1963) 

3 Gev/c mesons 

Ilford G 5 

30% 


It has been well known that most of the ‘hammer’ tracks are usuallj!^ produced 
by the radio-active decays of ®Li and ®B nuclei. A few of them are believed to be 
due to ®He and ®Li also. The reactions take as follows 


*Li >*36* 

\ 



! — 

-42 

‘He 

8B Be-* 



1 

-"^2 

‘He. 
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Each of the ‘hammer’ tracks produced in this way should invariably be asso- 
ciated with a beta particle (two beta-tracks in case of the ®He only), the kinetic 
energy of these beta particles varies from a minimum to a maximum value accor- 
cing to the known distribution curve. 

The mean ionisation potential for an emulsion nucleus is known to be 600 ev. 
A beta particle of energy < lOkev can hadly bo developed. In the early works 
with the less sensitive emulsions it was not possible to observe the beta tracks. 
But the G-6 and NIKFI R-emulsions have been very suitable to record the tracks 
of relativistic particles. 

Hence, it has been rather dilEcult to explain the observed fact that in 
an appreciable number of cases the beta tracks arc not seen. Two reasons seem to 
be obvious : — one is due to the observational bias, the other is due to the non- 
emission of beta particles. 

The observational bias may arise due to the following causes : 

1. the electrons having low energy of ~ 15kev may not produce any obser- 
vational tracks in the emulsions, 

2. the high energy electrons which will produce a minimum ionizing track 
may easily be lost among the back-ground grains if the condition of the 
pellicles is not very good. 

It is very essential that the emulsions should be fully developed and should 
be very clean in order to record and detect the beta tracks. 

However, the contribution due to these causes should not be much higher than 
7%. The real non-existence of the beta particles in some cases may be duo to the 
decay of hyperfragments which subsequently give rise to the ‘hammer’ tracks, 
as follows : 

8Be ►8Be*-}-jT« 

I >2 ‘He 

«Be ►<'Be*+w« 

I >2 <He-f»i. 
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ON THE EMISSION OF EXO ELECTRONS IN A 
GEIGER COUNTER 


R. C. SASTRI AK0 S. D. CHATTERJEE 

Dbpahtmbjnt of Physics, jAHAvruit University, 
(Received August 29, 1967) 


During the course of a study of the mechanism of Geiger counter discharge 
with reversed potentials it was observed that the number of cosmic ray background 
pulses increased substantially when the normal potential distribution was res- 
tored after operating the counter in the reversed direction for a few minutes. 
A closcT inspection of the phenomenon soon revealed that tliis increase in the 
number of background pulses rapidly falls with time as shown in Fig. 1 which depicts 
a measurement of the time variation of the number of pulses. It is also evident 
that at a given moment the number of pulses per minute N and the time T are 
inversely proportional, satisfying an empirical relation of the type N xT = cons- 
tant. This fact is more clearly demonstrated by plotting the product of the 
number of pulses per minute N and time T which are shown as small circles in 
middle of Fig, 1. 



12xl0» 
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Fig. 1. Decay curve for the exo -electrons. 


The observed increase in the number of pulses may bo attributed to a copious 
emission of exo-electrons from the cylinder. This emission becomes more pro- 
nounced when the cylinder is made of colloidal graphite, a well-known semi- 
conductor. 

In a counter operating with reversed potentials, the electrons are collected by 
the positive cylinder. Some of these electrons are trapped by the lattice defects 
in the metallic cylinder which are released subsequently as exo-electrons when 
negative potential is restored to the cylinder. Indeed, such an emission of /xo- 
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electrons was reported by Haxel et al. (1961) whore the electrons trapped in lattice 
defects created by mechanical abrasion, were subsequently released as exo-elec- 
trons by heat treatment. Seeger (1965) also detected the emission of exo-electrons 
in cases where the crystal defects were created by chemical oxidation process and 
the after-emission was provoked by means of electron bombardment of energy of 
about 1000 ev. It is interesting to note that in the present study the curve shown 
in Fig. 1 closely resembles the time variation curve for exo-electrons obtained by 
Haxel a al, (1951). 
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CERTAIN THERMISTOR CHARACTERISTICS OF SINGLE 
CRYSTALS OF TUNGATENITE (WS,) 

S. E. GUHA THAKURTA 

Magnetism Department 

Indian Association fob the CirLTivATiON 

OF Science, Calcutta-32. 

(Received August 21, 1967) 

In order to further investigate the self heated thermistor property of naturally 
occurring tungstenite (WS,) crystals (already reported, Guha Thakurta, 1967). 
its steady state current-voltage characteristics have been studied at different 
temperatures and pressures and for currents along both the crystallographic 
directions. Further, investigation has also been made under transient conditions 
wherein the rise of temperature with time is recorded after the sample is suddenly 
introduced in a high temperature enclosure. Results of these observations are 
graphically represented in figures 1, 2 and 3. It is to be noted here that as the 
behaviours are similar in both the principal directions, results of measurements 
in one direction only are given in the diagranos. 

It is observed from figures 1 and 2, that the voltage always attains a maximum 
value say V„, for a particular value of current and at a particular ambient tem- 
perature and pressure and then begins to decrease with further increase of current. 
This V,^ together with !,„, W„, and T„ the corresponding current, wattage ob- 
sorbed by the sample and the temperature of the sample respectively are evidently 
important quantities in deciding the peculiarities of a particular thermistor, 
have been obtained from a study of fig. 1, and the values for the particular sample 
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oorresponding to figure 1 when the ambient temperature is about 303®K and pres- 
sure 9.6 X lO-^mm. of Hg are shown in table I. These quantities calculated theo- 
retically following standard relation (Becker et al 1948, 1947) and from a knowledge 
of its activation energy and dissipation factor (both obtained separately) are also 
shown in the same table. 



Fig. 1 Steady state etirrent — voltage characteristics of WS 2 for currents along the C-axis 
at a superincumbent air pressure 9.5x10"® mm of Hg., and at difTerent ambient 
temperatures. 

(a) Ambient temperature ss 303^K. 

Figures on the curve indicate the rise of temperature of the specimen in ®K above 
the ambient.. 

(5) Ambient temperature 376®K. 

(c) Ambient temperature 600®K. 



5 ^. 2 . steady state ourreat— voltage charaoteristios of WSa for current perpendioulax to 
0-axis at an ambient temperature S33°K, and at different air pressures. 
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TABLE I 

Activation energy = 6220®K 

Resistance of the specimen at the ambient temperature 303°K and 
pressure 9.6xl0“®mm. of Hg. = 9.09x10* ohms 
The dissipation constant is 1.104x10“* watt/°K 


Exporimeiital 


Tm (temperature corresponding to peak) 


Wm (watts* 
Bm(resistanoe 
Vm (voltage 
Iw (current 


tf r> ) 

»> »* 
f* »> ) 

#» »» ) 


347‘».7K 

49.63 X watt 
3.00 X 10* ohms 
12.20 volts 
40 . 60 inA 


Theoretical 
348°. 3K 

49.97 X 10“* watte 
3.00 X 10* ohms 
12.26 volts 
40.80 mA 


The steady state mentioned above is attained only after the rise in temperature 
of the crystal duo to the passage of current through it is balanced by the dissipation 
of heat of the crystal to the surroundings. The dissipation constant G is related 
to current and voltage by the equation G{T—Tq) = F x /, where T is the tempera- 
ture of the crystal when a current / at a voltage V passes through the crystal 
and To is the temperature of the surroundings. Thus from a study of watt against 
temperature curve, the dissipation constant G can be found out. It is needloss 
to mention here that the dissipation constant is dependent on the superincumbent 
air pressure as is evident from fig. 2, where current — cvoltage characteristics are 
found to be different at different pressures (evidently due to differences in the 
values of G (Table II)) and this fact allows one to use the thermistor as a pressure 
measuring device. 


TABLE II 

Dependence of dissipation constant G on the surrounding air pressure 

(calculated from fig. 2). 


Surrounding air 
pressure in mm. 
ofHg. 

Q in watt/®K 

G per unit area 

e.6xio-“ 

2.137x10“® 

1.683 mw/®K 

3.6xl0-‘ 

2.370x10“® 

1 .766 mw/®K 

7«6 

4.083x10-9 

3.025 mwl^K 


In the transient condition, the rise of temperature is given by 


T-To =« 




Letters to the Editor 


621 


where T is the temperature of the crystal in degrees Kelvin at time f, r is a constant 
known as time constant and A is also a constant. Again r = CjG when C is the 
thermal capacity and G, the dissipation constant. Thus from a study of the time- 
temperature curve and a knowledge of G, one can find out the value of C of the 
specimen at a temperature T°K. It is, however, to be pointed out here that this 
relation does not hold at higher temperatures when the radiative losses become 
more pronounced and the thermal capacity also changes much with temperature. 
One such calculation Avith values obtained from the linear portion of the time- 
temperature curve (fig. 3) yields a value for C of WSg, within the temperature range 



0 30 SO 90 120 

Fig. 3. Time-temperature curve for WSo under transient condition- 

— 333°K, as 0.57 joule/°K per gm. which compares well with 0.4 joule/°K 
per gm., the corresponding value of the specific heat of M 0 S 2 , the isomorphous 
crystal, obtained by direct measurements (there being no reported value of specific 
heat of WSg available for comparison). 

The author express his best thanks to Shri A. K. Dutta for suggestion and 
guidance and to Prof. A. Bose for his kind interest in the work. 
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ELECTRODE GLOW DURING ELECTROLYSIS 

SANTI R. PALIT 

IwDiAN Association tor thb Cultivation of Soixnob, 

Jadavtdr, Cai,outta-32. 

(Jleoeived August 14, 1967) 

During experiments on electrolysis (Palitl963, 1967) we have often observed 
a remarkable phenomenon, and since we have been unable to 6nd any mention 
of this in the literature, we report here the same. 

The phenomenon in question is a glow of an electrode accompanying electro- 
lysis. The glow is very easily produced on electrolysis with platinum wire elec- 
trodes in a simple fZ-tube or in an apparatus as shown in Fig. 1. On filling the 



Fiff. 1. 


apparatus with an electrolyte solution of about 0.2N concentration and applying 
220 volts D.C, (mains) a current of a few hundred milliamperes which increases 
with time, passes. In a short while (a few seconds to a few minutes) the current 
sharply drops to a lower value with slight fluctuations and one of the electrodes 
starts glowing brightly. This beautiful glow appears to be predominantly ‘white’ 
when viewed through an ordinary prism. The onset of glow is accompanied by 
formation of big bubbles on the electrode surface. Sometimes when the conditions 
are not quite right, these two characteristic changes (sharp drop in current strength 
and formation of big bubbles on the electrode) set in, but no glow is visible. 

This kind of glow appears on the cathode with many electrolytes; for example, 
sodium chloride, sodium nitrate, potassium chloride, potassium nitrate, barium 
chloride, strontium chloride, calcium chloride, hydrochloric acid, nitric acid, etc. 
Some electrolytes show anode glow, t 3 rpical examples being sodium hydroxide, 
sulphuric acid and many sulphates at suitable concentrations. Chlorides do not 
show anode glow but some nitrates under suitable conditions do. Sodium hy- 

622 



Leitkrs to the Editor 


623 


droxide, however, shows both kinds of glow, anode glow being favoured at high 
concentration and cathode glow at a lower concentration. The glow (cathode) 
is very spectacular with barium chloride and strontium chloride solutions appear- 
ing like beautiful deep violet glow with a flame-like halo. 

The factors which influence the glow are (i) nature of the t'lectrolyte, (ii) con- 
centration of the electroyte, (iii) size; of the electrode (iv) electrode material, (v) 
shape of the vessel, (vi) current density and voltage, and (vii) temperature of the 
electrolyte, the last factor being by far the most important. Externally heating 
the apparatus hastens the onset of glow so much so that if one of the electrode 
chambers is preheated to almost boiling by sending a regulated current through an 
external heating coil, the glow appears mueh sooner, almost as soon as the current 
is switched on under favourable conditions. 

The following tentative explanation is offonfd. The cathode glow is due to 
the catalysed combination of hydrogen atoms (solvated or unsolvated) on the 
platinum surface of the electnxie, i.e., H+H - takes place on the electrode. 
The narrow shape of the glowing cell not only helps to raise the local temperature 
but also helps to build up the local H concentration to a high enough value by 
preventing them from diffusing out. The anode glow is due to recombination of 
OH radicals to form oxygen. 

If sparking and arcing are not considered, we could find reportwl in the litera- 
ture at least two phenomena similar to the present electrode glow. One is the so- 
called “anode effect”, i.e. a multi-star anode glow sometimes observed in the elec- 
trolysis of molten electrolytes (Mantell 1960). Another is the glow -discharge 
electrolysis particularly contact glow-discharge electrolysis reviewed by Hickling 
(1964). except that these discharges have been reported to occur at the anode and 
to need much higher voltage (600 volts and up). Detailed results will be published 
later. 

Thanks are due to Sri Netai Chandra Sadhu for carrying out the major part 
of the work and to Sri Prithwish Kumar Basu for preliminary observations. 
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THE CRYSTAL AND MOLECULAR STRUCTURE OF 
/v-ORNITHINE-HYDROCHLORIDE 

S. GUHA, S. K. MAZUMDAR and N. N. SAHA 

Cbystalloobaphy and MoLi5ct7i,AB Biology Division 
Saha Institute oe Nucleab Physios 
Calcutta- 9. 

{Received August 10 , 1967 ) 

Ornithine — a lower homologue of lysine — plays an important role in the for- 
mation of urea in the body. This communication deals with the crystal structure 
of a derivative of ornithine, (Saha et al, 1966). A preliminary report 

on this structure was presented at the symposium of the Indian Biophysical Society 
in April, 1967. 

Ornithine hydrochloride crystallises in the monoclinic system with cell di- 
mensions; o = 4.99 A; b — S.OOA; c -= lO.OoA; /? = 97.0°, and space group F2i. 
The measured density (1.420 g. cm ~®) corresponds to two molecules per unit cell, 
the calculated density being 1.416 g.cm~®. 

Three-dimensional intensity data collected about a and b axes by multiple 
film equi-inclination Weissonberg technique using CuKj, radiation were corrected 
for spot-size, Lorentz and polarisation factors. The relative intensity values thus 
obtained for different layers were brought to the same scale by using cross layer 
correlation method. The positions of two heavy atoms (chlorine) in the unit 
cell were determined from two Patterson projections, viz. (010) and (100), and a 
Harker section at v = The structure was solved by (a) a Buerger’s minimum 
function derived from Cl- Cl vector in the three-dimensional Patterson map and 
(b) a three-dimensional Fourier synthesis based on phase angles of chlorine atoms; 
both calculated on IBM 1620 computer. Refinement of atomic parameters was 
made (five cycles) by the method of least squares using isotropic temperature 
factors and unit weighting factor. The final R value (including unobserved 
reflections) is 0.098. 

The interatomic bond lengths and angles (Table II and Fig. 1) compare well 
with those of lysine hydrochloride (Wright et al, 1962) and other amino acids 
(Hahn, 1957). The near equality of the two C— 0 bond distances (the difference 
being 0.012A from their average value 1.264A) indicates that the molecule is a 
zwittorion, both amino and terminal nitrogen atoms accepting a proton each. 
The average value of the (1.530 A) four C— C bond distances, though slightly 
higher than that of lysine hydrochloride (1 .624), agrees well with the (1 .633 ^0.003 A) 
foimd by Bartell (1959) for medium length aliphatic carbon chains. The two 
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C— N+Hg bond lengths are almost equal and their average (1.490 A) compares well 
with that of lysine hydrochloride (1.482±0.004A). Though the average value 



Fig. 1. The structure of L-omithino hyclrochlorido viewed down the b-ax s. 

(110.7°) of three C—C—C angles in this molecule is not far from tetrahedral 
angle, a widening of the (7(2) — C(3) — C(4) angle (112.3°) was found. 

The molecules arc held together by a system of hydrogen bonds. Each 
molecule has six hydrogen atoms available for hydrogen bond formation. Fig. 
1, shows that both amino and terminal nitrogen atoms have four close neighbours 
each at hydrogen bond forming distances. All the C— NH ... X bond angle 
(Table III) except C(2)-iV(2)H ... 0^/(1) = 166.4° and C(5)-N(1)H ... CI/f* 
= 173.6° satisfy the expected tetrahedral configuration, which indicates that these 
two sites are not favourabh^ for hydrogen bond formation. The detailed paper 
on this structure will be published shortly. 

TABLE T 


Final atomic co-ordinates and temperature factors 


Atom 

X 

Y 

Z 

B 

Cl 

0.09701 

0.25000 

0.41901 

2.828 

N(l) 

0.42113 

0.00143 

0.64392 

2.674 

C(6) 

0.63620 

0,12784 

0.67799 

2.690 

C(4) 

0.620e0 

0.28208 

0.74060 

2.876 

C(S) 

0.76135 

0.40285 

0.78644 

2.408 

0(2) 

0.65798 

0.66106 

0.86560 

2.148 

N(2) 

0.88871 

0.67100 

0.88970 

2.261 

0(1) 

0.67396 

0.49112 

0.00044 

2.363 

0(1) 

0.76608 

0.46603 

0.09467 

3.076 

0(2) 

0.32698 

0.46701 

0.00274 

2.843 
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TABLE II 

Intramolecular interatomic bond distances and angles 


Bond distances Bond angles 


N(1)-C(5) 

1.485A 

N(1)-C{5)-C(4) 

110.3° 

C(5)-C(4) 

1 .526 A 

C(5)--^C(4)--C(3) 

109.9° 

C(4)-C(3) 

1.530 A 

C{4)-C(3)-C(2) 

112.3° 

C(3)-C(2) 

1 529 A 

C(3)-C(2)-C(l) 

iio.r 

C(2)-C(l) 

1.530 A 

C(3)— C(2)— N(2) 

107.7'* 

C(3)-N(2) 

1.495 A 

N(2)-C(2)-C{1) 

110.0° 

C(1)-0(I) 

1.248 A 

C(2)-C(l)-0(1) 

117.8° 

C(l)-0(2) 

1.260 A 

C(2)-C(l)-0{2) 

115.9° 



0(l)-C(l)-0(2) 

125.8° 


TABLE III 

Intermolecular bond distances and angles 

Bond distances Bond angles 


N(l)— H..C1/ 

3.277 A 

C(5)— N(l). .Cl, 

91.6° 

N{l)-H..Clr/ 

3.209 A 

C(6)-N(1)..C1„ 

86.2° 

N(l)-H..O//{l) 

2.876 A 

C{.5)-N(l)..0,,(l) 

98.9° 

N{2)— H. .CIf 

3.160 A 

C(2)— N{2). .Cl,. 

94.5° 

N(2)— H..Ok(2) 

2.862 A 

C(2)— N(2)..Or(2) 

106.0° 

N(2)-H. .0/n(2) 

2.847 A 

C(2)-N(2). .0//,(2) 

103.6* 

N(l)..Clf^/ 

3.276 A 

C(5)-N(l). .Cl„.(9) 

173.6° 

N(2)..OMl) 

2.932 A 

C(2)— Nf2)..0,r,fl) 

166.4° 


Tirie subscripts refer to the oo-ordinatcs of atoms in molecules T to VI. 1 : X, Y, Z ; II •* 
— X, — Z ; III : —X + l, Y—L — Z ; IV : -~X— 1, Y— L — Z ; V : —X, Y+J. —Z ; 

VI :~-Xfl, Y + L —Z. 
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an X-RAY STUDY OF THE CONDENSATION PRODUCT OF 
DIAMINO SUCCNIC ACID AND PVRUTIC ACID C,„H„N,0 
S. CHATTERJEE a2TD S. C, CHAKRABORTY 

Department of Physics^ Burbwan University, 

Burdwan, West Bengal, India. 

(Received August 16 , 1967 ) 

Well developed transparent single orystals of the condensation product of 
Diarainosnccinic Acid and Pyruvic Acid, having molecular formula CioHuNjO, 
and m.p. 226“C, were obtained from the saturated aqueous solution of the com- 
pound under controlled evaporation and repeated crystallisation. In all the 
crystals, excepting a few, only the axial faces were developed. 

The morphological study was carried out with the help of a two circle gonio- 
meter and the measured values of a*, y?* and y* were a* — /3* ~ 98'’46', 

and y* — 114” 15'. The intcrfacial angles calculated from those values are 
a ^ 69" 34', p = 73° 10' and y = 62"0'. 

The rotation photograph and normal beam zero-level Weissenberg photo- 
graphs wore taken about the [100]-, [010]- and [001]-axcs using unfiltered CuK 
-radiation. The axial lengths obtained from the rotation photographs are a 
= 6 . 53 A, 6 ~ 7.10 A, c — 7.53 A and those calculated from the Weissenberg 

photographs are a — 6.59 A, h — 7.13 A, c = 7.5SA. The approximate values 
of a*, P* and y* measurec and calculated from Weissengerg photographs are 
a* = 104" 30', p* — 98" O'; y* = 114" O'. The optical study and the summetry 
of X-ray photographs show that the crystals belong to the triclinic system; no 
systematic absence of reflections is possible and this was also confirmed from the 
indices of reflections from the crystal under study. Thus the space group of the 
crystal is cither Pj or Pj. To determine the space group uniquely statistical 
tests were carried out for different zonal reflections. For this the intensities were 
estimated visually from a calibrated set of ‘master spots’ and were corrected for 
Lorentz and Polarisation factors. The intensity distribution curves are in excel- 
lent agreement with the theoretical one for centrosymmetric case. Hence the 
space group was found to be PI. 

The volume of the unit cell calculated from the obtained parameters is 291.6.A. 
The density of the sample was measured by flotation method using a mixture 
of pjrridine and carbontetrachloride and the observed value was 1.58 gm-cm"* 
and the calculated value is 1 .64 gm-cm~® on the basis that the unit cell contains 
only one molecule. 

Further work is in progress. 
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AN ANOMALOUS MAGNETIC BEHAVIOUR OF K8Cr*(C«0,) 
3H,0, STUDIED BETWEEN ROOM TEMPERATURE AND 
LIQUID OXYGEN TEM,PERATURE 

PADA RENU SAHA 

Dspabtmxnt of Maonbtism, 

IiTDiAN Association fob the Cultivation of Soieno* 

(Received August 21, 1967) 

The magnetic anisotropy and susceptibility measurements of (NH4)jCr{C204), 
SHjO, assuming the salt to bo monoclinic (Groth 1910), were made at room tem- 
perature and liquid oxygen temperature only by Krishnan, et al (1939). The 
KgCr(C204)33H20 salt supposedly isomorphous with the ammonium salt was 
further investigated by Datta Roy (1958) over the whole liquid oxygen range. 
But the X-ray data of Niekerk and Schoening (1952) show that these salts are not 
only not isomorphous, but the ammonium salt belongs to the triclinic space group 
PI, with two formula units in a cell, while the potassium salt is of monoclinic 
space group P2i5— Cj*®, with four formula units in a cell, so that the earlier identi- 
hcations of the crystallographic axes were not correct, and consequently fresh 
measurements should bo made to reassess the magnetic behaviour of these salts. 
The triclinic ammonium salt being more difficult to treat (Krishnan and Mukherji 
1936, 1938; Ghosh and Mitra 1964; Ghosh 1966), as a first attempt we chose the 
monoclinic potassium salt. As the salt under investigation has feeble anisotropy, 
the single crystals were cut to nearly a square horizontal cross sections, to remove 
anisotropy of shape, about the axes of suspension. The suspension was made 
with a very fine quartz fibre and the entire suspension system was made as light 
as possible. The measurement was carried out in a very sensitive and accurate 
t3rpe of magnetic anisotropy balance and gas flow type cryostat set up in this 
laboratory by Ghosh and Mukhopadhyay (1966). 

When the crystal was suspended with h-axis vertical to the magnetic field, 
the anisotropy in the horizontal plane i.e. (X 1 --X 2 ) increased as the temperature 
was lowered and at liquid oxygen temperature anisotropy became nearly ten times 
that of the room temperature value (Fig. la). The setting direction, i.e., the angle 
6 between o- and ;^2*®xis which is 63° at room temperature was found to change 
by 8° over the entire liquid oxygen range. 

With the a-axis of the crystal vertical, 6-axis setting normal to the magnetic 
field, a very peculiar phenomenon was observed as the temperature was lowered. 
Prom ~-220°K the crystal began to show a small change in the setting direction 
by a few degrees (Fig. 2c). Near 165°K the change was found to be very rapid, 
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amountizig to ^66^ for a temperature change of a few degrees and then again 
gradual. Since b-axis lying in the horizontal plane for this mode of suspension 


•a* 



50 100 150 200 250 300 

Fig. 1. half-fUled circles —(Xi~X 2 ) 
hollow circles— (X 1 —X 3 ) 
filled circles— (xa—Xz) 

is by crystal symmetry a fixed one, this large change is quite unusual. Secondly, 
the anisotropy in the plane normal to a-axis was found to be decreasing with the 
lowering of temperature and became zero at ~153“K and then changed sign con- 
sistent with the large ('^90°) change in the orientation of the original 6 -axis. 
With further lowering of temperature, the anisotropy increased again. The crys- 
talline anisotropy (Xi—Xa) obtained from the above mentioned measurements 
was found to bo increasing at first with the lowering of temperature but close to 
166°K the curve of (Xi—Xa) versus T showed an inflexion and then increased 
again smoothly (Fig. . lb). (^ 3 — ^ 3 ) obtained by subtracting the two aniso- 
tropies {X\ — Xa) — X 2 ) found to be very small at room temperature, 

and remained almost constant with the lowering of temperature upto '^160 K.. 
With further decrease of temperature (^ 3 — Xz) increased slightly (Fig. Ic). 

From the mean susceptibility measurement of this complex it was found that 
with the lowering of temperature the susceptibility increased normally but nearly 
at 163®K the value remained almost constant over a temperature range of ~ 6 ®K 
and then again increased (Fig. 2b). In the corresponding mean moment square 
P/® curve (Fig. 2a) a hump was observed at ■~ 220 °K and a sharp maximum at 
'^163“K, thenp/ value dropped nearly to the room temperature value and then 
increased again slightly as the oxygen temperature was reached. 

Thus we may surmise that tliis anomalous behaviour in am'sotropy and sus- 
ceptibility is due to some transition in the crystal. The change in the setting 
direction with ^ 3 — -axis in the horizontal plane also supports this view. The 90 
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change in the orientation of ;f3 axis within a small interval of temperature 

indicatos that this principal magnetic axis no longer coincides with the &«axis, 



Pig. 2. half-fiUod circles —p/®— curve. 
hollJW circles -Yv 10”® 

filled fdreloa — change of sot ting angle with temperatnre- 

thus destroying the condition of uniqueness of this axis in a monoclinic crystal. 
Thus the transi tion appears to be connected with a change in the crystal 
system. For getting more details of the transition wc have undertaken X-ray and 
spectroscopic measure- ments of the salt. 
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ON THE FREQUENCY SHIFT IN THOMSON SCATTERING 

N. D. SEN GUPTA 

Tata Institute of Fundamental Rbsearch 
Bombat-S. 

(Received Sepitfnber 5, 1967) 

In a recent note Prakash (1967) while discussing the effect of radiation re- 
action on Thomson scattering, has reported that due to ‘an instantly switched 
radiation’ the electron gains an additional acceleration and “average” momentum 
depending on the initial phase of the racBation. The vector potential is taken in 
Prakash (1967) as 

A(r, t) — Aa0{X) co8(«>Z+y), X — t—{n.r)jc, ... (1) 

where d is the usual step function. This form of A, with step function replaced 
by a suitable growth function was also considered by Kibble (1966). The physical 
condition that the field is switched on sharply at an instant say { = 0 is clearly 
not depicted by A as given in eq. (1). The step function is non- vanishing on the 
forward light-cone with origin as vertex. Perhaps. th(‘ point in taking X as the 
argument of 6, is that the Lorentz equation of motion (without radiation taction) 
is then exactly integrable, because the field is now expressible as the function of 
a single parameter (1965). However, this seems superfluous, as the fact that field 
is switched on at t = 0, is incorporated in the problem as initial value (1966a,b) 
Apart from this the step function introduces an unwanted singularity of the elec- 
tromagnetic field. It may be due to this the solution of the equation of motion 
(in Dirac form), as stated in Prakash (1967), docs not agree vith the author’s 
solution (1966b). They cannot differ so long as the particle velocity is continuous 
and small in comparison to c. Moreover, the intensity effects in question are 
shown clearly to be non-relativistic in nature (1925) 

On the other hand, the second point raised in Prakash (1967), namely the 
dependence of the frequency shift and other effects, on the phase of the incident 
radiation is quite a pertinent one. If one works with an arbitrary phase of the 
incident wave this is taken as zero in Sengupta (1966b) in the system in which 
the electron is initially at rest (S), then one will arrive at a frequency shift which 
depends on the phase. But what may be observed is an average over a system of 
electrons; (note that it is not time-average for a single electron in its motion). It 
is easy to see the conse quence of this arbitrariness of the initial phase, after 
averaging, is to introduced a broading of the scattered line and the moan mag- 
wtude of intensity dependent frequency shift is changed by an unimportant 
numerical factor from the expression as quoted in Sengupta (1966b). However, 
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it whould be emphasized that the shift remain isotropic in (Z). It is quite clear 
that the phase of the radiation cannot change the qualitative nature of the problem 
because the phase may be made zero by suitable translation of space and time, and 
this translation will only change the initial values as initial velocity in general is 
not zero at the new origin. 

It is not irrelevant to mention hero that some of the features of the motion 
of electron in the field of plane electro-magnetic wave was reported by Frenkel 
(1925) much earlier than the author’s first paper Sengupta (1966). The author 
regrets very much that it escaped his previous notice. 
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DECAY OF AND LEVELS OF Yb”« 

S. C. GUJRATHI ANO S. K. MUKHERJEE 
Saha Institotb of Nucleah Physics, Calcutta, India. 

{Received February 16, 1967) 

ABSTRACT. The nucleus is produceil by the (n, p) reaction with 14-8-MoV 

neutrons on enrich<Mi (97*5%) A half-life of l*4:h0'2 min is assigned to The 

f>eta and gamma ray measurements show thred beta groups of end-point energies 2050 ^:100 
(20%), 2000il00 (40%) and 1150^100 (40%) koV and eight gamma rays of energiowS 60 
(Yb K X-ray), 91, 190, 285, 390, 870, 1050 and, 1816 koV decaying with a 1-4-min activity of 
Coincidenco and sum spectrum studies indicate that the 1150-koV beta group is in 
coiiicidencB with a gamma ray energy cascade 870-1816-190-50 keV; tlio 2000-koV beta 
group is in coincidimce with the 1050-koV gamma ray and a gamma ray eniTgy cascade 1816- 
190-50 keV; and the 3050 keV beta gioup is not in coincidence. The 9I-, 390- , 2H5-, 190- 
and 50-koV gamma rays form a cas<jad(‘. A decay scheme of is proposed and tht^ results 

arc discussed in the light of the Unified model. The Q^j-value f(*r thti -- Yb^*^^ transition 

IS 4088 i.lOO koV. Th(' (n, p) t ross-section for is found to be 1*5 1-0-5 mb. 

INTRODUCTION 

Willoand Kink (1900) bombarded onriehodc(l as well as natural yttt'rbiurn 
with 14.5-MeV lU'utrons and observed a 2.0i().6-min activity in the irradiated 
samples. They assiira(‘d that this activity was due to one of tho three isotopes, 
namely Er^"^* and Yb^"^^ produced by the (ri,p), (i?, a) and (w, y) reactions 

respectively, on Yb^’^’. Takahashi et al (19()1) irradiated oxide powder of natural 
ytte rbium with fast neutrons and ri‘poried a half-life of 1. 5^0.5 min after follow- 
ing the decay of beta rays in a plastic beta ray detector. In their measurement, 
beta rays below 3300 keV were discriminated to avoid the contributions of tho 
activities formed by the (p, 2n), (w, a) and (w, y) reactions. They also observed 
a single beta group of maximum energy 4200±200 keV associated with a 1.5-min 
activity and assigned it tentatively to Tm^’®. 

Kantele (1962) sought isotopes showing K isomerism, and bombarded enriched 
Yb^’® as well as natural ytterbium metal with 14-MeV neutrons. He reported a 
gamma ray cascade of energies 391-293-190-52 (YbK X-ray) keV decaying with a 
half -life of 12 sec and assigned this activity to an isomer of Yb^^® produced by the 
(n, n'y) reaction. The assignment was confirmed by irradiating other enriched 
isotopes of Yb with 14- as well as 3-MeV neutrons. Very recently Vergnes et al 
(1966) established the position of the 12-sec isomeric state of Yb^’® at the 1038-keV 
level. This state was observed to decay through the 93-keV gamma transition to 
the 8*^ level of the ground state rotational band. They ascribed spin and parity 
of the 1038-koV level as 8~ and K-quantum number as 8. 
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We have undertaken the investigation of to measure its half-life accu- 

rately and also to study the various beta and gamma transitions associated with 
it. Coincidence experiments were performed to find the excited levels of 
populated in the decay of 

SOURCE PREPARATION 

The Tm^’* sources were produced by the {n, p) reaction on enriched (97.5%) 
Th(^ energy of the neutrons was 14.8 MeV and the typical neutron flux 
was of the order of the 6 x 10^® neutrons/cm- sec. The strongest inter^ 
fering activity of Yb^^® (4.1d) w’as produced by the (w., 2n) reaction on Yb^’®. The 
contribution due to this activity was reduced to a large cxt(‘nt by irradiating the 
samples foi* a very short period. Morciover, tlie impurities due to all long-lived 
activities along with that of Yb^’® were subtracted in the automatic subtraction 
l^rocess of the mult-channel analyser. Other possible, contaminant activities in 
the source were carefully sought on the basis of the data of the isotopic and the 
spectrographic analysis of the supplied enriched sample as wt ll as with the aid of 
suitable activity lists (Slater, 1902; Nuclear Data Sheets, 1940). The short-lived 
activitit^s suspected as irnpuritit^s w<‘re due to th<‘ reactions Cu®^ (n, 2n) Cu®* 
(9.5 min\ Pr*^^ (w, 2n) Pr*"*® (3.4 min) and Yb^’^ {n.np) Tm'"^ (5.5 min) reactions. 
The contribution of Trid’** is expected to be very small since the* measured (n, p) 
cross-section for Yb^’^ is 3.5J^ 1 mb (Giijrathi rl al, 1905). Tl}(' amounts of imjujri- 

ties of Cu®® and present in the enriched samples vvT*re insufficient to affect 
the main conclusions. The estimated total contribution due to all short lived 
impurities was less than 3% of the total decay of Tm^’^®. 

For the beta ray measurements th(‘ irradiated samples of oxjd(‘ jjowder were 
uniformly spread inside a bag of thin mylar. The averages thickness of the sourct^ 
was 2mg/cm^. Since the measured {n, p) cross-section for was very small, 
a large number of irradiations on sev^oraJ hundred mg of luiriched sample w(T(‘ 
needed to complete each measurement. 

EXPERIMENTAL RESULTS 
(A) Half-life measurement and the {n, p) cross-section 

The enriched Yb^’® (97.5%) was bombarded with 14.8 MeV neutrons for 6 
min and immediately studied under a G.M. counter. Fig. 1(a) shows the observed 
half lives as 4.1d, 8.5±1.5min and 1.4d_0.2min. The long-lived activity of 
4. Id is duo to Yb^’® produced by the (n. 2n) reaction on Yb^*^®. It can be clearly 
seen that even in 5-min irradiation, a large amount of (n, 2n) product is produced. 
In another measurement the decay of beta rays was followed in an anthracene 
beta detector. The discriminator and the gain of the pulse height analyser were 
sot to accept the pulses only above 600 keV which completely excluded the activity 
of Yb^"^®. Only two half-lives of 1.4 and 8.5 min were observed (fig. lb). The 
half-lives were also studied by following the decay of 50-, 90-, 190-, 286- and 390 
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kcV gamnia rays (see fable II) in a single channel analyser. In all cases the same 
three activities shown in fig. la were observed. TLe 1.4Jr0.2.nun half-life was 



0 4 S 12 16 20 24 28 32 36 40 44 

Time in min 

1. Beta doeay (a) m n O.M. counter. 

(b) above 500 koV in an anthracene beta detector. 

assigned to The 8.5^105 min activity could tentatively be ascribed to 

Eri73 Qj. isomer of Tm^’®. The cross section for the Yb^’® (rt, p) Tm^’® reaction 
was calculat ed by the activation technique, the experimental details of which were 
as reported (iarlier (Mukherjee et al 1961). The measured cross-section value was 
1 6:i:0.5 mb as compared with a value of 556mb for the Cu^‘^ («, 27i) reaction. 

\B) Oarnrna and beta ray ^neasuremeni 

The beta ray spectrum of Tm^’® was examined with an anthracene beta spec- 
trometer. The detector crystal was 5.1 cm X 1.3 cm thick and the source-to- 
crystal distance was 0.5 cm. The data were recorded with a 512-channel pulse- 
height analyser. To study the beta ray energy groups decaying with a 1.4 min 
half-life, the following procedure was adopted. The enriched Yb^’® was irradiated 
for 2 min and tJie measurement was started 50 sec after the end of the 
bombardment. After recording tlie counts for 3 min the second measurement was 
started at 4th min after the end of the irradiation. The period of data accumu- 
lation was again 3 min. A difference spectrum was obtained from the above two 
nieasurements. By waiting for 50 sec, short-lived contaminant activities such 
as N^« (7.4 sec), (6.4 see) and (12 see) were eliminated. The differ- 

ence spectrum was free from long-lived activities except that it contained a small 
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contribution of the 8.5 min activity. A third Bpeotrurn was taken 8 min after the 
end of the irradiation for 15 min. The background and long-lived activities were 
subtracted for the same period of accumulation, which gave the spectrum of the 
8.5 min activity. A time-corrected contribution of the 8.6 min activity, which 
was present in a very small amount, was subtracted from the difference spec- 
trum obtained from the first two measurements. Fig, 2 shows such a corrected 
beta spectrum and the Fermi-Kurie analysis of the same. Three beta groups of 



0.5 1.0 1,5 2.0 2.5 3.0 

Energy in MeV 

Fig. 2. Bota spectrum and the Fermi-Kurie plot of the 1-4-iniu activity of 

maximum energies 3050± 100(20%), 2000±100 (40%) and 1160±100 (40%) 
keV arc observed which decay with a 1.4 min acti^^ty. It must be mentioned 
hon^ that we did not observe the 4200±200 keV beta group decaying with a half- 
life of 1.5±0.5min as reported by Takahashi ct al (1961). The energies inten- 
sities and log ft values for the various beta groups decaying with a 1.4 min activity 
are given in table I. 

A beta group of 2500±300keV was found to decay with 8.6 mm activity. 

TABLE I 

The energies intensities and log ft values of the beta ray groups of Tra^’® 
Beta ray 

end-point energy Intensity log ft. value 

(keV) % 

3060±100 20 6.4 

2000-tlOO 40 6.4 

H60±100 40 4.6 
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The gamma spectra were studied by a 7.« cm x 7.() cm of Nul(Tl) crystal and 
a 512 channel analyser. The detector was covered with a 1 cm thick Incite plate 
to absorb beta rays. To eliminate the undesired activities the same procedure 
as followed in beta ray measurement was adopted. Fig. 3 shows the gamma 
spectrum associated with the 1.4 min activity of Trii”«. In the measurement, 


IftO 



Channel No. -> 

Fig. 3. Gamma spectrum of Tm^"^® with a 7-6 cm ■: 7-6 cm NaT(Th crystal. The source-to- 
erystal distance was 1 cm. 

the 8oiirce-to-crystal distance was 1 cm. Photopeaks are evident at energies 
50, 90, 190, 286, 390, 600, 680, 670, 870, 1050, 1800 and 1920 keV. The energy 
of the photopoak at 50:±5 keV is comparable with the ytterbium K X-ray energy, 
w hich is 52.3 keV. To test the cascade nature and the summing effects of the gam- 
ma rays a spectrum was taken by ke(‘ping the source at a distance of 8 cm. The 
gamma spectra were also studied by introducing systematically 0.01 cm to 1 cm 
thick hiad absorbers betwesen the sourc(} and the detector. It was found that tlie 
500 (190+285+ Yh X-rays and 91 + 390+Yb X-rays)-, 580(190+390)-, 670 (286 + 
390)- and 1920(870+ 1050)-keV gamma rays, shown in fig. 3, were sum peaks. 

To test the decay characteristics of the various gamma rays, the enriched 
sample of Yb^^® was bombarded for 3 min and four spectra were taken at 0.5, 
2, 3.5 and 6 min after the end of the irradiation. It was found that all the promi- 
ment gamma rays shown in fig. 3 decayed with a half-life of 1.6+ 0.5 min. 
Since the low energy gamma rays decaying with a 1 .4 min activity have very nearly 
the same energy as those of Yb^’®, a large error in their calculated intensities was 
involved due to the repeated subtraction process, 
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A gamma ray of 500:^20 koV was found to decay with an 8.5 min activity. 
Otlier Jow energy weak gamma rays associated with this activity could not be 
distinguished from those of which were relatively much more intense. 

The gamma ray energies, their relative intensities calculated from single 
crystal as well as from some of the coincidence measurements and the gamma- 
gamma coincidence results associated with the 1 .4 min activity of Tm^^® are sum- 
marised in Table II. 


TABLE II 

Gamma ray energies, their relative intensities neglecting the conversions and 
and the gamma-gamma coincidence results in 


Energy of 

the photo 

peak 

(keV) 

Unconverted 

gamma ray 

relative 

intensity 

In coincidenoe with (keV) 

60± 6 (Yb K X-ray) 

60130 

90, 190, 285, 390, 870. 1800 

Q0±10 

151 5 

50, 190, 285, 390 

190i 5 

100 

50, 90, 285, 390, 870, 1800 

285± 5 

72120 

50, 90, 190, 390 

300 4r Ti 

78120 

50, 90, 190, 28.5 

870il0 

381 8 

50, 190, 1050. 1800 

1050110 

45110 

870 

1800120 

321 8 

50, 190, 870 


(C) Coincidence measurements. 

In the b(d.a-gamma coincidence arrangements the gating gamma ray was 
selected with a 5.1 cm X 5.1 cm Nal(Tl) detector and the gated beta spectrum 
wm studied with a 5.1 cm X 1.4 cm thick anthracene detector. In few expori- 
jiKuits a certain portion of the beta spectrum was selected in a gate and the coin- 
cident gamma spectrum was analysed by a 7.6 cm X 7.6 cm Nal(Tl) detector. 
'I’he two scintillation detectors were positioned 1.5 cm apart facing each other, 
with a source between them. The resolving time (2r) of the coincidence system 
was 2/^s. A Incite beta absorber of 1 cm thickness was introduced between a 
source and the gamma detector. To study the coincidence results associated 
with the 1 .4 min activity the same method of accumulation as followed in beta 
and gamma ray measurements was adopted. 
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With the integral gamma spectrum taken in the gate only two beta groups of 
maximum energies 2040^100 and 11601100 keV appe,ai( 5 d in coineidemee (fig. 4). 

4 


t 

^/N/W®G 

2 

1 

0 

0 0.5 1.0 l.r. 2.0 2.5 

Erifirgy in MoV -► 

Fig. 4. Formi-Ktirio jilcit. of the hi'ta Hpoctriiin in coiiicidenoo witli the uiti*rgnil gamma rays. 

The gamma Bpoetra obstTvod in prompt eoiticidence with those pulses produced 
by the portions of the beta ray spectrum betwetui 500 to 3050 k(A' and 1000 to 
3050 keV, are shown in fig. 5 as curves (a) and (b), r(vs])(‘ctiv<dy. The gamma rays 
of energies 50. 190; 870. 1050 and 1815 keV are shown in curve (a), the same photo 
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Channel No. 

Fig. 5. Gainma s])octra in coinoiclonco with the (a) the 500 to 3050 koV and {hi 1000 to 3050 
keV portions of the beta spectrum taken in gate. 

peaks are present in curve (6), except the 870 kcV. The spectra were corrected 
for the gamma ray detection efficiency of the anthracene detector. The beta 
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spectrum in coincidence with the 870 keV gamma ray showed only one beta group 
of maximum energy 1150 keV (fig. 6). The 1060 keV gamma ray was found in 
coincidence with the two beta groups of end-point energies 2030±100 and 1140 
•f loo keV. These two beta groups were also observed in the coincidence results 
obtained by gating with the 60-, 190- and 1800 keV gamma rays. 

1.0 

_. 0.8 

^/N/w»a ^ g 

0.4 

0.2 
0 

0 04 0.8 1.2 

Energy in MoV 

I'ig. 6. Fermi-Kurie plot ol the- beta Bpecirum in coincidence with the 870-keV gamma rwy. 

For the gamma-gamma coincidence studies 5.1 cm X 5.1 cm Nal(Tl) crystal 
was used to select the gating gamma ray and the gated spectrum was obtained 
with a 7.0 cmx 7.0 cm Nal(Tl) detector along with a 512 channel analyser. Two 
detectors were placed at 3 cm apart facing each other with a source between 
them. The detectors were shielded from each other with a suitable anti 
Compton-shield to reduce the effect of Compton-scattered photons. When the 
integral gamma spectrum was taken in the gate the coincident gamma spc^ctruni 
was very similar to the one shown in fig. 3. With the integral gamma spectrum 
above 600 keV taken in the gate, which completely excluded the contribution of 

190 




0 20 40 60 80 100 120 140 lOO 180 

Channel No. 

Fig. 7. Gamma spectra in coincidence with the integral gamma rays above 600 keV. 
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Yb»’® tho coincident gamma spectrum showed the photopeaks at energies 60, 
190, 870, 1050 and 1800 keV (fig. 7). The 870 keV gamma ray was in coincidence 
with the 60, 190, 1050 and 1800 keV gamma rays while 1050 keV gamma ray was 
feiind in coincidence wit h a single gamma ray of 870 keV energy. When the 1800 
koV gamma ray was taken in the gate*, the coincidence spectrum showed the 50, 
190- and 870 keV gamma rays. With the 390 k<W gamma ray taken in tho gate 
the 60, 90-, 190- and 285-keV gamma rays appeared in coincidence (fig. 8). The 


so 190 



0 10 20 30 40 50 00 7o 

Channel No. ->• 

Fig. 8. Gamma in coincidence with the 39()-koV gamma my. 

coincidence experiments with 50- , 190- and 285-kcV gamma rays showed that there 
existed a gamma ray cascade of (mergii s 90-290-285-190-50 keV. All the gamma- 
garnrna coincidence results are given in Table II. 

DECAY SCHEME AND DISCUSSION 

For the isotope identification a radiochemical separation was not attempted 
since tho measured cross-section for the reaction is very small. 

The assignment of the 1 .4 min activity to Tm^"^® was based on the following argu- 
ments. This activity must be due to either Tm^"^^ or produced by the {n^p) 
or {71, a) reactions, respectively since other possible reaction products of Yb^’® 
are well studied (Nuclear Data Sheets, 1965) and none is associated with the above 
activity. From the studies of Coulomb excitation (Dc Boer et al, 1963) and also 
from the (a, xn) reaction (Morinaga, 1966) it is known that in Yb^’® the gamma rays 
of energies 391, 293, 190 and 82 keV form a cascade of ground state rotational 
band K = 0 and give the levels at 0, 82, 272, 665 and 966 keV with spins 0^, 
2^ , 4 ‘*, 6* and 8+, rcspe'ctively. The similarity of the low energy gamma rays and 
their cascade relationship (see Table II) observed in the decay of the 1 .4 min acti- 
vity with those of Yb^^® suggests that the activity should be of Tm^*^®. It is to be 
noted that the gamma ray cascade of enrgies 90-390-286-190-50 keV decaying 
with a 1.4 min activity is also known from the studies (Kantele, 1964) of the 
2 
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12-sec isomeric state of From the systematics for the beta decay energy 

(Yamada et al, 1961), the mass differences -Yb^*^® and Er^^®— are 

4200 and 2600 keV, respectively. The observed total beta decay energy Q^-for 
the 1.4 min activity is 4088 i 100 keV, in close agreement with the Q^-for 
Tm^^®. This also supports that the activity should be of Tm^^® and not of 

A decay scheme of 1.4 min Tm^’® which accounts for all the observed results 
is shown in fig 9. It should be noted that the 82-keV E2 gamma transition shown 
in the decay scheme was not resolved from the 91-keV gamma ray in most of the 
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Fig. 9. Proposed decay Hcheme of 

gamma spectra. The apxiearancc of 60^:5 keV Yb K X-ray in observed gainina 
spectra was as expected since the theoretically calculated K intcunal conversion 
coefficient of the 82-keV E2 gamma transition is very high (a*: — 1.40). The beta 
spectrum in coincidence with the integral gamma spectrum showed only two beta 
groups of end-point energies 2000 and 1150keV (fig. 4). This might seem to 
suggest that the third beta group of 3050 keV end-point energy decays to Hk? 
ground state of Yb^’®. However, such a situation would be very unlikely 
because the 1800 koV gamma ray is in coincidence with two beta groups of maxi- 
mum energies 2000 and 1150 keV and this fact indicates that the total decay 
energy is definitely greater than 3800 keV. Consequently, the 3050-keV beta 
group is shown to feed the 12-sec isomeric state. 

The gamma spectra obtained by gating with the 500-3050 and 1000-3050 
keV portions of the beta ray spectrum (fig. 5) show that the 870 keV gamma ray 
should be in coincidence with the 1150 keV beta group which is also confirmed by 
studying beta spectrum in coincidenco with the 870 keV gamma ray (fig. 6). This 
gives the highest level in Yb^’® at 2968 keV populated in the decay of Tm^’®. 
The 1060 keV gamma ray which is in coincidence with two beta groups of end- 
point energies 2030 and 1140 keV and also with the 870 keV gamma ray gives the 
transition between the 2088 and 1038 keV levels of Yb^’'®. 
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In a study of the 12-sec isomeric state. Vergnes et al. (1965) assigned 8- spin 
value to it from the consideration of the measured K-internal conversion coefficient 
(aj) and total internal conversion coefficient (a^) of the 93-keV gamma transition, 
ock and ocy were obtained from the measured intensities of the 93, 190, 290 keV 
gamma rays and of the 60-keV X-ray, in the gamma spectrum resulted by gating 
with the 390-kcV gamma ray. We have also estimated a* and ut for the 91-keV 
gamma transition from fig. 8 by following the same method. The intensity of the 
Yb K X-ray was corrected for the a* values of the 82-, 190- and 290 keV E2 
gamma transitions and also for the known K-fluorcsccnce yield, Wk — 0.937 
The intensity of the 91-keV photopeak was corrected for the contribution coming 
from the 82 keV E2 gamma transition. The experimentally measured values and 
the theoretical estimates (Sliv and Band, 1956, 1958) for tlifforent multipolarities 
of 91 keV gamma ray transition arc given in Table III. Comparison shows that 
91 keV gamma ray is either predorainan% E2 or is a mixed El-fM2 transition. 

TABLE III 

Theoretical and experimental internal conversion coefficients of the 91 keV 
gamma transition in Yb^’® 

Caloulaied (Sliv and Band, 

1966, 1958) Exfierimentally Kef. 

— raoaHurod value 


El 

E2 

Ml 

M2 



0.35 

1.16 

3.45 

28 

1.1 i 0.5 

ProspTit work 





0.9J_0.5 

(Vorgiiofi fj al, 1965) 

0.42 

4.45 

4.20 

41 

4.0i;1.0 

1 ’resent work. 





1.910.8 

(Vc'rgnos et al, 1966) 


Comparison shows that it is either predominantly E2 or is a mixed E1+M2 transi- 
tion. 

The first possibility which gives E2-multipolarity for the 91 keV gamma transi- 
tion suggests a spin as or 10'^ for the 12-scc isomeric state. Since no reason- 
able combinations of the neutron and proton orbitals, which give rise to the low- 
lying states in can have a spin value 10 it is plausible that the 6+ assignment 

is more probable. With this spin value the 91-keV E2 gamma transition would 
bo retarded by a factor ~ 10® from the Moszkowski single particle estimate (Mos- 
zkowski, 1965). This retardation is typical of a transition being liindcrod by 
4 units of K-forbiddenness as it is known (Goldhabor et alj 1965) that each unit 
of K-forbiddonness introduces a hindrance factor of 10^. Thus one gets a 
quantum number K = 6 for the 12-sec isomer. The observed beta transition 
from the 1 .4 min state of Tm^^® to an isomeric state can be classified as an allowed 
hindered or as a first forbidden unhindered type (Mottelson et al, 1969; Gallagher 
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ei alt 1962); this suggests a spin of Tm^’® as 4+ or 5+ or Examination of the 
Nilsson diagram reveals that nuclides with 69 protons should have orbitals 
l/2+[4114, ] as their lowest configuration over a wide range of deformation. 
Similarly, for 107th neutron in Ta^»®, Re^sa and 

the ground state configuration is 9/2+^ [624 "I ] (Mottelson et al, 1959; Gallagher ei 
alt 1962). The coupling of 1/2+ with 9/2^ in strong coupling limit gives the possible 
spin values of Tm*’® as 4^ or 5^. The 4^ spin state should be the lower one 
according to the rule of Gallagher and Moszkowski (1958). The 5^ spin assign 
ment to the ground state of Tm^^® is in agreement with the observed log ft value 
for the beta transition to the 6^ 12-sec isomeric state. The observed log It 
values for the remaining two beta groups which come under the hindered or 
unhindered allowed type beta transitions suggest that the spin and parity oi 
2088 and 2950 koV levels should be either 4+ or 5+ or 6+. 

The second possibility that the 9l-keV gamma transition should be of El 
type with a feeble mixture of M2 indicates that the parity of the isomeric k 
is negative and its spin sliould be cither 7 or 8 or 9. The value 7” can be eliminaic tl 
as it will permit strong El transition of 482 keV energy to the rotational 6 kivel 
which is not actually observed. Out of 8~ and 9~ the former one is preferable 
on the following arguments : (1) From tlu' systematics study one finds that 
and Hf^®® decay to 8^ level of their j*espectivo rotational bands through th(‘ 
El-gamma transitions and have spins as 8“(Nuclear Data Sheets, 1965). (2) the* 
calculations on the two quasi-particle excited states in strongly deformed nuclei 
(Pyatov et alt 1964) give a first exicited two-quasi-particle level for Yb^^® as 8' 
with the energy 1 100 keV. This is in good agreement with the observed isomeric 
state at 1038 keV. (3) The two-quasi-particlc 9^ state in Yb^’® should lie at much 
higher excitations (Pyatov et aU 1964). 

The 91 keV El transition would bo retarded by a factor of 10*^ giving 7 units 
of K-forbiddenness. This is in agreement with the quantum numb(5r K — 8 for 
the isomeric state. The observed beta transition feeding this level indicates a 
spin value of 8 or 8^1 with either parity to the 1.4 min state of Tm^^®. This also 
suggests that probably the 1.4 min state should be an isomeric state of 
arising from the coupling of the neutron and proton orbitals near by 69th ar\d 
107th orbitals, respectively. In fact, one can get the spin values of 8^ and 7^ 
by coupling a proton orbital 7/2 "[523 f ] with the neutron orbitals 9/2 ^[624 1 1 
7/2“[6144, ], respectively. In this situation the other excited states in Yb^’® 
can have different possible high spin values. The present information is not suffi- 
cient to give conclusive assignments to them. 
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ABSTRACT. Thermal tliffusion faetors of the binary inert gas mixtures He-No, Ne-Kr 
and He-Kr have been measured by the two-bulb method. Some improvements over the pre- 
viouR methods of moasurements have been made. The data have been utilised to obtain 
sovornl signifieant results on the unlike interactions between th(«e gas pairs. 

INTRODUCTION 

It is wellknown that of all the transport, properties, thermal diffusion is nio.st 
sensitive to the form of the intcrmolecular potential. The effect of inelastic col- 
lisions on thermal diffu.sion in polyatomic gases cannot as yet bo predicted satis- 
factorily (Monohick et al, 1963). Conseipicntly, for the determination of intcr- 
molecular potential from thermal diffusion data only mixtures of monatomic 
gases are suitable. The existing data on thermal diffusion in binary mixtun^s 
have recently been reviewed by Saxena and Mathur (1965). Even for monatomic 
gas mixtures, the existing data are not very consistent amongst themselves. The 
earlier measurements on thermal diffusion factor a in monatomic gases are thosi; 
of Grew et al (1947, 1954) who have considered the temperature dependence of 
a, whereas, Atkins et al (1939) have considered the composition dependence. More 
recently Hoymann and Kistemaker (1959), Grew and Mimdy (1961) and Ghozlan 
(1963) have measured thermal diffusion factors in several binary gas mixtures by 
using tracer technique. In the measurements of Grow et al (1947, 1954) and 
Atkins d al (1939) thermal conductivity analyser was used for the purpose of gas 
analysis which is not capable of yielding very accurate data. Another difficulty 
which is also common to the more recent measurements using tracer technique 
is the large difference between the temperature of the lower and the upper bulbs 
which makes the temperature assignment somewhat uncertain. Saxena and 
Mathur (1965) have pointed out the inadequacy of the existing data and have also 
suggested that at least for systems containing Ho, the main source of discrepancy 
between experimental and the calculated values of a is the choice of the potential. 
Consequently, we have thought it desirable to measure thermal diffusion in some 
selected inert gas mixtures by making improvements in the method of measure- 
ments. 

In this paper we have reported the measurement of a of He-Ne, Ne-Kr and 
He-Kr systems by a two-bulb method in the temperature range 340°-540‘’K. The 
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temperature dependence of a of these systems has b(!cn studied only by Grew 
el at, (1947, 1954). For the systems Hc-Ne the ionization potentials of the comi)o- 
nents arc not very different as distinct from Ihcs system Ho-Kr. The usual 
combination rules are based on equality of the ionization potential of the inter- 
acting molecules (Hirschfclder et al, 1954). The.se studies are, therefons expected 
to show whether the discrepancy between the experimental and the calculatt^d 
values of a is mainly duo to inadequacy erf the combination rules for unlike inter- 
actions or duo to the choice of the potential mode;!. 


EXPERIMENTAL 

The apparatus consisted of two copper bulbs joined by a brass tube of 0.6 cm. 
diameter and a metal stopcock having a bOro of the same dimension. The volume 
of the upper bulb was 943 cc and that of tiie lower bulb 65 cc. The use of copper 
bulbs ensures better ternperatun'. equilibration of the gases inside with the tem- 
perature of the surrounding medium. The bulbs were kept in two furnaces the 
temperature of which were controlled by electronic n'gulators. The temperature 
control of both the furnaces was within 1 % of the temperature. The actual tem- 
peratures of the bulbs were measured by thermocouples. For analysis the bulbs 
wore connected to suitable glass circuits and the analyses were made by a mass 
spectrometer (Associated Electrical Industries, MSS model). The gases were sup- 
plied by Messrs British Oxygen Co., England. He and Ne were spectroscopically 
pure and Kr contained small amount of Xe as impurity. 

The temperature assignment was made by the following usual formula 


T = 


ThT^ 

Th-Tc 


In 


Tn 

Tc 


... ( 1 ) 


where Th and Tc are the temperatures of the upper and the lower bulb respec- 
tively. As an improvement over the previous methods we have varied both 
Th and Tc so that the difference between them is not more than 100°C. This 
ensures that the formula for calculating T should hold reasonably well. The 
relaxation time for the binary system was calculated from the equation (Saxena 
ft al, 1962). 



( 2 ) 


where L is the effective length of the tube, A is the cross-sectional area of the con- 
necting tube, Ti and Tg the temperatures of the bulbs in 'K and Vi, Fj the 
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corresponding volumes, T is some average temperature between and and 
D is the mutual diffusion coefficient at temperature T, 

From the calculated relaxation times the time needed for attaining steady 
state for each system was (estimated. After sufficient time was allowed for the 
steady state, the metal stop-cock was closed and samples were taken from the top 
and the bottom bulbs several times and the average of those were taken as the 
correct composition. The fact that gases in both the top and the bottom bulbs 
can be analysed in a mass spectrometer is an added advantage over the tracer 
technique where the counting probe is placed at the lower bulb only. 

Thermal diffusion factor was then calculated from the equation, 

In q 

°'~\nTalTc - 

where q is the separation factor given by, 

^2) Bottom 


being the concentrations of the lighter and the heavier component respoe- 
ti voly. The experimental values of oc arc shown in Table f. The average deviation 

TABLE r 

Experimental thermal diffusion factors and unlike interaction 
parameters 


System T a 



380 

. 685 

Ho-Kr 

420 

.750 


450 

,785 

(He= 92.5%) 

490 

.810 

640 

.830 


339 

.380 


378 

.440 

Ne-Kr 

414 

.465 


454 

.486 

(Ne=9r.%) 

492 

.500 


532 

,505 


339 

.260 


391 

.285 

Ho-No 

426 

.290 


462 

.290 

(Ho =21%) 

496 

.300 


540 

.310 


Unlike Jiiteraclion parameters on 
L-iT (12 : 6) potential 


From experimental a from combination rules 

A ®12/fc 


3.180 J25.0 3.117 41.31 


3.230 130.0 3.2H 77.00 


2.662 19.07 
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of q values was within 1%. Depending on the sensitivity of the logarithmic 
table the error in a values can be much larger. However, from the scatter of a 
values it appears that the error in our measured values should be witliin 6% 
and for the smoothed out values it should bo much less. The thermal diffusion 
factors obtained by us are given in Table I. 

As the compositions of our mixtures are quite different from those of Grew 
ft al (1947, 1964) no direct comparison of our data is possible. For the system 
fte-Kr it is possible to convert our data (7% of Kr) so that a comparison with data 
of Ghozlan (1963) (using Kr'''^ as trace) is possible. Our a values are found to be 
systematically lower than those of Ghozlan (1963). It is relevant here to mention 
that Mason, Islam and Weissman (1961) ob.st^rvcd a similar discrepancy with the 
data of Ghozlan (1963) for the Ha-Kr system . Conscrpicntly, it is likely that there 
is a systematic error in the measurements of Ghozlan. 

COMPARISON WITH THEORY 

In order to test whether the usually ohserved discrepancy between experi- 
mental and calculated values of a is due to liie choice of the potenlial model we 
have considered the most commonly used potential energy functions viz (1) 
Lennard-Jones (12 : 6), (2) exp-6 and (3) core potential. These potentials can 
be written as follows ; 

1. Lennard-Jones (12:6) potential, 

where r is the distance between the molecules, e the depth of the potential well 
and a- is the value of r for which 4>(r) = 0. 

2. Exp-6 potential : 

exp {.-(l- A))-( 

OC ^ ^ 'f^max *“ 

where is the value of r for which 0(r) is minimum and a is a parameter. 

3. Core potential : 
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where <r is the value of r for which ^(r) = 0. 

€ is the depth of the potential well. 

2a is diameter of the spherical core. 

Also and ^ = 14- ^ 

o'-2a 

The force parameters for the different potential models used to calculate 
a are shown in Table II. For the Lennard- Jones (12:6) and exp-G poentials the 
unlike interactions were approximated by the usual combination rules. For the 

TABLE II 

Force constants used for L—J (12:6), exp-6. Kihara-corc potential 


♦L-J (12: 6) ♦Exp-O **Ki}iartt-(‘ore potential 




oA 

e/*°K 

TmA 

*/t°K 

a 

o 

(tA 

ek°K 

y 

Ho 

2.556 

10.22 

3.135 

9.16 

12.4 

2.313 

41.3 

0 

Ne 

2.749 

35.00 

3.147 

38.0 

14 5 

2.673 

52.5 

0.05 

Kr 

3.679 

167.00 

4.956 

158.3 

12.3 

3 570 

20^1 0 

0.11 


* from Saxena et al (1965) ♦♦from Roy et al (1966) 

core potential erjg and were calculated by the combination rules used for the 
Lennard-Joncs (12 : G) potential and w(Te obtained from the relation, 

(l-Oi2*)« = [(l-ai*)«<X(l-a/)Vl*. ^ (8) 

The system Hc-Kr (with small percentage of Kr) may be considered as quasi- 
Lorentzian mixture and the Kihara approximation was used to calculate a 
(Hirschfelder et ah 1964). For the other two systems the Chapman- Cowling first 
approximation was used (Hirschfelder ei ah 1964). The. experimental and the 
calculated values of a for the different potentials are shown in Figs. 1-3. The 
collision integrals required for calculating a were obtained from MTGL by Hirsch- 
felder et al. (1964) and those tabulated for tlie core potential by Barker (1964). 
As for He and Ne the core should bo very small we have not calculated for the He-No 
system on the core potential. For the system He-Ne the agreement between the 
experimental and the calculated values of a is reasonably good. For the system 
Nc-Kr the agreement between the experimental and the calculated values is nearly 
the same for the Lennard-Jones (12 : 6) and the core potential but much worse for 
the exp-6 potential. It may also be seen that the slope of the experimental 
curve is steeper than that of the calculated curves. Regarding the system Ho-Kr 



Thermal Diffusion and IntermolecuJar Forces, etc. 651 

the same conclusions are similar to those for Ne-Kr although the difference between 
the experimental and the calculated values of a is more pronounced. It may also 
bo seen that for this system core potential is slightly better than the Lennard- 


0.4 
0.3 
0.2 

300 400 600 



Fifr, 1 . Theoretical and Experiment h 1 curves for the thermal diffusion factor a of the system 
Ho-Ne. 

1 Lennard-Jones (12 : 0) 

3 Exp-six 

4 Experimental. 



300 400 ^>00 


Fig. 2. Theoretical and experimental curves for the thermal diffusion factor a of the system 
Ne-Kr. 

1 Lennard -Jones (12:6) 

2 Kihara core. 

3 Exp-six. 

4 Exporiraontal. 



0.6 L 

0.6 


300 400 500 

3. Theoretical and experimental curves for the thermal diffusion factor a of the system 
He-Kr. 

1 Lennard -Jones (12 : 6) 

2 Kihara core. 

3 Exp-six. 

4 Experimental, 
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Jones (12 ; 6) potential. One important result which comes out from these is 
that more different the constituents of the binary systems arc the worse is the 
agreement between the experimental and the calculated values. It may be pointed 
out that the combination rule for e (which is most important for calculating the 
temperature dependence of a) is based on the equality of the ionization potential 
for the interacting molecules (Hirschfelder et al, 1964). Consequently for dissimilar 
molecules the combination rule is likely to give erroneous results. It may also 
be seen that in contradiction to the suggestion of Saxena and Mathur (1965) the 
exp-6 potential fares worse than the Lennard- Jones (12:6) potential for the He-Ne 
and very prominently for the He-Kr system. 

DETERMINATION OF UNLIKE INT^ERACTIONS 

It has been discussed above that the main source of discrepancy between 
the experimental and the calculated values of a probably lies in the combination 
rules. Consequently, we have thought it sufiScient to determine the parameters 
for the Lennard-Jones (12: 6) potential only. Since for the system Ile-Ne the 
agreement with the calculated values is good we considered only the systems 
He-Kr and Ne-Kr. 

The thermal diffusion factor to the first approximation can be written as 
(Hirschfelder et al^ 1954). 

ai = ... (9) 

where A is dependent on molc-fraci ions and potential parameters and is a ratio 
of collision integrals which has been tabulat(jd. A is a very slowly varying func- 
tion of temperature. The second approximation to a can be written as, 

= A(6C,2*-61)(l+fc) (10) 

whore A; is a correction term. For a values at two temperatures, and we 
have, 

The variation of the correction term with temperature is very small so that we 
may write 

Mn _ (12) 

r®2]T2 

Since A is also a slowly varying function of temperature we have calculated 
ATi and At^ by the usual combination rules. Then from any pair of a values at 
two temperatures it is possible to calculate values from Eq. (12). Then as 
a second approximation this value of was used to calculate ATi and ATt 
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and was determined again. Generally the difference between those values 
of ei 2 /j was quite small. The average e^^/ie as determined from different pairs of 
a was taken as the correct value. 

Once ei^/k is known, cTjg can be obtained from the relation, 

^2 == 

k may be written approximately as, (Weissman et al, 1960) 

k = ~ (l- (8-®«j*--7)[l-|(5-4£ij*){6C',.*-6)-i] (13) 

where 

p * _ 6Q„<b*>*-4C,2<b»)* 


and 






the subscript 1 refers to the heavier species. From Eq. (10) it is possible to find 
the value of Cij which represents a, correctly. The average of as determined 
from a values at different temperatures was taken as the correct value. The para- 
meters thus obtained are shown in Table I together with those calculated from the 
combination rules. 

It may be seen from the Table I that the depth of the potential well for 
the unlike interactions is much deeper than that given by the combination rule. 
It appears that the heavier molecule predominates in the interaction and equal 
weight cannot be placed on two dissimilar molecules to calculate the unlike 
interaction parameters. 
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ABSTRACT* Intoractioix of strong eloctOmagnelic field with a two energy level system 
is considered, with special reference to crystils. Second harmonic generation due to the 
field depondonco of the dipole moment operator is found out. The froquoncy dopendoneo 
of the dipole moment expectation value and the field saturation effect have been derived. 
The detailed relation between the field and the dipole moment, and the d.c, effect have been 
briefly discussed. 


INTRODUCTION 

A revival of interest in the study of propagation of electromagnetic waves 
through crystals, accomodating the nonlinear effects like multiple harmonic 
generation, has been noticed recently (Briss 1964). This has followed naturally 
after the observation of second harmonic generation (SHG) in quartz crystal, 
using a ruby laser source by Frankcn and others (Franken, ct al 1961) and allied 
effects in other crystals by several other workers (Franken et ah 1963). All these 
effects need highly intense sources (Bonch-Bruevich et ah 1965) and for second 
harmonic generation it is found that the lack of an inversion centre in the crystal 
is a necessity. These processes can bo described by a higher than first order 
perturbation calculation (Ward 1965), which means that more than two energy 
levels take part in the interaction. But it is quite possible that second harmonic 
generation can be observed in systems where only two energy levels are involved 
in the interaction (Bonch-Bruevich ei ah 1965). In a previous paper (Mohanty 
1967) the author has pointed out two separate conditions which are necessary 
to generate multiple harmonics of the applied field frequency in a two level system : 
The presence of a premanent dipolo moment in the material system interacting with 
the field, or, as in the case of crystals, the dependence of the dipole moment 
operator on the applied field which gives a nonlinear dipole interaction operator 
in terms of the field. The first condition has already been discussed in the above 
mentioned paper (Mohanty 1967). The primary aim of this article is to discuss 
the second condition. Further, considering that only coherent radiation from a 
laser source is necessary for the process, we will directly find out the expectation 
value of the dipole moment for a single particle instead of trying to find the pro- 
bability coefficients and then the transition probability. 
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DESCBIPTION OP THE MODEL 

As our interests primarily lie in the processes where only two energy levels 
of the material system take part, the technique to be used in this discussion is 
the geometrical representation of the Sclirodingcr equation due to Feynman, 
Vernon and Hellworth (Feynman, et aL 1967). This representation involves 
only two energy levels of the material system, and is quite adequate as a mono- 
chromatic incident field is expected to induce a transition primarily between two 
levels whose transition frequency is nearly equal to the frequency of the field 
itself. The rcprt*sentation has the added advantage of giving direct ly the expecta- 
tion value of the dipole moment operator. The technique is indicated in the pre- 
vious paper by the author (Mohanty 1907). 

The geometrical form of the Schrodinger equation 

... ( 2 . 1 ) 


for a two level system, where Hq is the unperturbed hamiltonian and V the inter- 
action operator, is of the form of the equation of motion of a classical gyrosc/pe, 
as explained by Mohanty (1967). 


di 


coXr 


( 2 . 2 ) 


r and <o are defined in the previous paper (Molianty, 1967). 

The physical significance of r/s are immediately found out by taking the ex- 
pectation values of the dipole moment operator and 

</i> = J ^jr^fi^dv = 

<H^> = »•, ... (2.3) 

where are neglected in comparison with fi^y 


THE DIPOLE INTERACTION 

The interaction V, between the field and the material system, is assumed to 
be of electric dipole type and is expressed by : 



... (3.1) 


/i being the electric dipole moment operator and E is the electric field inducing the 
transition between the levels. The scmiclassical form of F is sufficiently accurate 
for the present discussion compared to the fully quantum theoretical treatment 
(Mandel et al 1063; Sudarshan 1963). This interaction term is linear in terms of 
the applied field as long as n is independent of the field. 
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But for the intense field which is a necessity in the present case, it is no longer 
possible to write /t as a single field independent term, as is done in finding out the 
(expectation value of dipole moment which is linear in terms of the applied field. 
The precise relationship between // and E is noAv assumed to be of a tensorial 
nature, but one can write it in the form (Franken et cd. 19631; 


A — • • • (3.2) 

This schematic relationship, in tdie form of a power series in E, is sufli- 
ci<>ut for the present discussion and, as can be .seen presently, the full tensorial 
form in no way changes the result as ihc eanu! time dependence for all coniponenls 
is assurnt^d in these di8cu.ssions. The value of successive coefiieients /<j arc in 
rapidly decreasing order (Franken ct a1. 1963) and so only the first two terms are 
]>reserved. As mentioned, the use of the first term only gives the linear compo- 
nent or the expectat ion value of the dipole moment through t he linear component 
of the dipole interaction operator. The second term, however, gives a nonlinear 
component to the interaction operator, with frequencies 0 and 2to. This term is 
('xpected to contribute to the nonlinear exceptation value of /i. 

Writing the interaction term F : 

V = 

= X i„ cos »(ul = Re. S ... (3.3) 

n— 0 


wliere 





; 7 ^ — — 


tlic nonlinearity of the dipole interaction oprator is now clearly demonsli atcd. 
»So, 


Wj == s cos not 

n 

—s S sin ttcof ••• 

* n ft 

As coi and 0)2 contain sinusoidal terms of three frequencies, 0, o and 2co, 
the values of the r components are now expected to contain all these, as well as 
the higher harmonics of co. The second harmonic component of </^> then 
emerges as the sum of the product of fiiE in eqn. (3.2) and the linear frequency 
component of r^, and the product of in eqn. (3.2) and the second harmonic 
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component of One then writes for the second harmonic value of <ii>, 
u^ing (2.3) and (3.2); 

~ (/^12 ^1)20 

(/^o)r2(^l)2fl)“H(/^l“^)l2(^l)a ••• (35) 

To solve the eqn. (2.2) one can now subject all the r components to the rota- 
ting coordinate transformation given in 1, which gives the changed equation : 

dt 


with 


w'l = cos cot) 

co'sj = 0 


Cl) 1^2 — CO J 




ni.) 


12 




whore the F,i and terms in w'g arc neglected in comiiarision with coj^ 
The explicit form of the above equation is : 


di 


L == -Ar'j 


dr\ 

dt 


Ar',— [A^-fA'a cos wtjr'j 


=[A,-1-Ajco8co<]r'2 


where 


A = 0)12—0). 


THE VALUE OF {r^)^ AND (rJa*, 
A solution of the type 

r'l — S rj, (n)e-*«"‘ 


... (3.7) 


... (4.1) 


is assumed to solve the set of equations (3.7). rj, jq, and r 2 ,(n> are the linear solutions 
and ri, d, and r 2 , (d are the second harmonio part. 
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After performing the necessary rlifferentiation and collecting the coefficients 
of one gets : 

-wtori„„, = 

— = Ari,(„,— A’lrg,,,,— ^ r»’s.(n-i)+»'s,(„+3)J 




A, 


f^8Mfi + 1) + ^2 •(n-1)] 


... (4.2) 


One must consider also the symmetry pioi)erties of 


Now putting Tf . 

2K, ^ ’ A'l 


Q -, = and r -N-, 


t(0 

A'x 


.. (4.3) 


and expanding ri,(„,(Q,i in terms of Q : 

^l.<n)(Q) — ^ 
f-O 


... (4.4) 


one sees, using eqn.(4.3), that only even combinations of n and j can exist in the 
expansion of rj, (n)(0) in eqn. (3.4). 

Using equations (4.2) and (4,4) and collecting the coefficients of one gets : 

^nNr2,{n)j = ^2»(n)»j + ^2»(nU)'</-l) + ^2'(n-l)’(./-l) *** 

It is quite easy to seem that for j = 0; r/,(„),o is independent of Q(eqn. 4.4) 
and as this solution may be assumed to be an exact one with only a frequency 
Ci> for r^, and no higher order solution exists. (Mohanty 1967; for a similar 
comment, also see Sengupta 1967) 

So, 

0 ^ ^«0^^’(n)»0 *** 

Then the zeroeth order (n — 0) solution, giving the value of (ri)<a is' • 


*^2»(0)» 0 ® 


(4.7) 
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The first order (v = 1) equation is : 

~ (4:.8) 

One then has. 


^1»(0)>0 — 

A'l 

— , ^8>(0)>0 


9^ m / • t « 

AK, 







(4.9) 


Effecting the inverse transformation given in (Mohanty 1967) and collecting 
the relevent terms : 


r^(o) 


0)i2 




y /ON 1 *^2(^12 Y 

4 COi2(Wi2“2oj)4'i^® 


ri( 2 < 0 ) 




rz,io),o cos 2at 


(4.10) 


4 <>>i„((0j2 — 2ci})+Aj® 

From these values, inakitig use of eqn. (2.3) we have, 

... (4.11a) 

</<>o = (2ft)-ir3„„„o [2 (Mo)i2(^^'o)i 2+ (4.11b) 

L {^12 — ^ (^’h 2 — I *^1 


DISCUSSION 

We shall now discuss the exact tcnsorial nature of /i . The schematic 
dependence of polarisation P(dipole moment per unit volume) and the field. P 
written down as (Bonch-Bruevich et aL 1965); 

P = Xo^+X^+— - 

The process of second harmonic generation is described by x> “ evident 

that this is related to of the eqn. (4.11). For the generation of second 
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harmonic an essential condition is the lack of a symmetry centre in the crystal, 
otherwise a strong, static electric field must be applied to enhance the nonlinearity 
of the relation between the crystal polarisation and the appliwl field. In general, 
for such a case the quadratic part of P is written down as 

(6.2) 

Consideration of the fact that the order of writing down the fields Ej and Et is 
is immaterial and that this tensor is formally similar to the piezo-electric tensor 
(Frankcn et dl. 1961) enables us to write down a contracted form by replacing the 
suffixes i, j by only one suffix m. A further symmetry restriction proposed by 
Kloinman (1962) allows the inter-change of i and j, which has the advantage of 
reducing the number of independent tensor elements. is a 3x6 tensor, and 
particularly, for quartz, . 


Xii -Xn 0 Xi* ^ 0 

Pit) .-= 0 0 0 0 ^Xu -Xa 

, 0 0 0 0 0 0 




E * 


Ez^ 

2EyE. 

2EJSz 

^EJ^y 


... (6.3) 


By suitable experimental arrangements the contribution from some elements 
can be reduced and one can check the additional symmetry requirements (Miller 
1903). Under this condition eqn. (6.3) give? : 

p(*) = (6.4) 

A comparison of the contributions from Xii A'i 4 shows that yn>>yi4 
for a ruby laser. This demonstrates the possibility of reducing the number of 
elements of the tensor by suitabe arrangements. 

Finally a few words about the generation of a frequency independent part 
of </ 4 >‘, otherwise known as the d.c. effect are in order. An inspection of the 
value of </ 4 >q in eqn. (4.11b) shows the inherent difficulties in the experimental 
detection of this effect. At 6)22 = < 0 , as the fundamental harmonic part of 
</i> = <fi>^ predominates; and also at coi^ == So, as there is negligible power 
transfer at or near this frequency in the case of </4>o» it is a difficult effect to 
detect. This may explain the inconveniences originally encountered in the 

observation of this effect. 
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ABSTRACT* Lifetime of metastably botm(J double molecules in polar gases has been 
considered. The method applied is similar to the ono-body tlieory of a-radioactivity. The 
rosultfl show that the metastublo systems have usually a life-tiino wbicli is long compared to 
the mean time between collisions. Consequently, motuHtably bound molecules liave to be 
treated as stable bound molecules. 

I N T R O D tJ C T I O N 


The bound double molecules may be defined as two molecule systems for 
which the total energy is less than the energy of the separated molecules (Stogryn 
H at, 1959). However, depending on the energy of the system, there are bound 
systems which from the standpoint of quantum mechanics can dissociate only 
by leakage through the potential barrier. These systems are known as metastably 
bound double molecules. The consideration of dimers is necessary for a proper 
understanding of the equation of state in gases and also to interpret transport 
properties of dense gases. An important property of the metastable systems is 
its half-life for dissociation. If the collision time is short compared to half-life, 
then the metastable molecules behave like bound molecules and if the reverse is 
true they are to be treated as free molecules. For non-polar gases, Stogryn and 
Hirschfelder (1959) have considered the half-life of metastably bound molecules. 
As the intermolecular potential of polar molecules differs widely from that of 
non-polar ones due to the presence of long-range dipole forces, it is necessary to 
consider separately the half-life of metastably bound double molecues in polar 
gases. In this paper, a calculation of the half-life has been made for HjS which 
is a typical polar molecule. 


THEORETICAL FORMULATION AND CALCULATION 

It is possible to calculate the half-life of motastable molecules by using the 
WKB approximation, the theory being very similar to the one body model theory 
of a-radioactivity (Bethe, 1937, Kemble, 1937, and Bohm, 1961). Following this 
procedure, the time period of vibration t can be written as (Stogryn et al, 1959), 

... ( 1 ) 




dr 
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whore K is the initial relative kinetic energy or the total kinetic energy in the 
centre of mass coordinate system, /i the reduced mass of the molecules, 
the two turning points for a fixed value of K and Kb^, and 0^^/ = (f>(r)+Kb^lr^^ b 
being the impact parameter. Thus, the probability of dissociation per second, 
P, is given by, 

P = Olt ... (2) 

where 6 is the probability of transmission through the barrier and the mean life 
time r is 


r = 


1 

P 


tje 


(3) 


Following the WKB method, the transmission coefficient, 0 is given by, 


0 = e-ao 


where 


• *5 




fj, and being the turning points inside and outside the potential well respectively. 
The WKB approximation is valid for G > 1. 

For polar molecules the potential energy of interaction can be written as 
(Hirschfelder, et alt 1954), 

^(r) = 4e[(cr/r)«— (cr/r)«] — <f>) (6) 


g{0i, 6*2, ^) = 2 cos cos sin 6i sin O 2 cos ^ 

where 0^, 6^ are the angles of inclination of dipoles (dipole moment ji) to the line 
joining the centres of the molecules and <p is the azimuthal angle. For (i-* 0, 
Eq. (6) reduces to the well known Lennard- Jones (12:6) potential for non-polar 
gases. For any particular relative orientation of the dipoles a numerical value 
can be assigned to g(0i, 4>) i.e. eq. (6) becomes, 

^(r) = 4e[<r/r)“— (er/r)*]— (6) 

Let us define the following reduced quantities, 

= <pie, K* = Kje and 6* = 6/<r 


Then we have, 




( 7 ) 
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where y = r*-® and -4* = 

4e<r® 

Consequently, 

t = A/2eA* I dy/[y®/®(A*— 4y«+4yS-f4A 
y» 


... ( 8 ) 


and 

a =:,IA* j ,, ,S) 

2/a 

where A* is the reduced de Broglie wavelength of the inolecules given by 
A* = fe/o’-y/me with <t, € having usual significance. 

The hypcr-olliptio integrals in the right hand side of eqs. (8) and (9) were 
evaluated numerically. The limits of the integrals and the values of the integrals 
at the limiting points were obtained by the method described by Stogryn and 
Hirschfelder (1959). 


TABLE I 


Lifetime for metastably bound double molecules of HjS 


K*b*» 

K* 

A^G/tt 

2EA»t/h 

rjT^s (ao<‘) 


0.03 

1 .455 

9.19 

2.47x10® 

1,5734 

0.06 

0.615 

13.47 

6.21x10"® 


0.09 

0,130 

26.45 

2.29X10-® 


0.10 

2.810 

1.40 

1. 60x10®’ 


0 . 20 

1 .581 

1 .63 

1.79X10*® 

3.1486 

0.30 

0.903 

2.14 

9.48 


0.40 

0.404 

2.45 

1.31 xlO-® 


0,98 

0.137 

] .38 

1.30x10"“ 

4,4382 

1.00 

0.081 

2.32 

4.22x10"“ 


1 .02^ 

0.033 

6.79 

2.70x10"** 

*G value for K* 

~ 1 , 02 is loss than 1 . 

Thus, WBK mothod does 


not hold for it. 

In order to make sample calculation for it was assumed that the dipoles 
were in the head-to-tail position which corresponds to A* = 0.629. For this 
potential the force constants have been obtained by Itean ef al, (1961) and 
they are : <r — 4.034 A; ejk — 88.4®K and A* = 0.197. The integrals were 
evaluated for three fixed values of K*b*^ and several values of K*. The 
potential energy curves corresponding to K*b*^ values are shown in Fig. 1. The 
values of t thus obtained for HjS are given in Table I. 

The mean time between collisions is of the order of 10"* or 10"“ secs, at N.T.P. 
A comparison with the results obtained for Argon by Stogryn and Hirschfelder 

5 
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( 1959 ) shows that the lifetime for metastably bound double molecules for a polar 
gas is much larger than for a non-polar gas. This result is expected due to the 
presence of long-range dipole-dipole force in polar gases which is generally attrae- 



0 1-0 2-0 3-0 4 0 50 60 7 0 8-0 90 100 

Fig. 1. Effective potential energy ( iirves for H 2 S. 

tive. Thus except at very high energies the metastably bound molecules behave 
as stable molecules for polar gases. Consequently, the effect of metastabk* sys- 
tems will be more in polar gases than in non-polar gasc's. 
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abstract. The nucleus is produced by Yb^'^^ {>j, p) reaction with 

14 - 8 -MoV neutrons on enriched (99%) Yb isotope and is slu<iied by means of boia-garama 
scintillation counter techniques The beta #nd gamma measurements show beta groups 
of end-point energies 1200±50 (82%) and TGOJ^SO (18%) keV and gamma rays of energies 50 
(Yb K X-ray), 75, 176, 276, 360, 370, 500, 630# 870, 990, 1260 and 1350 keV decaying witli a 
5-5 bO-5-min activity of The gamma-gamma coincidence studies coniirm previously 

reported gamma-ray cascades along with a new cascade of 500-1350-275-76 kuV. The gamma 
spectrum in coincidence with the beta rays above 300 koV shows the existtmee of the previously 
anrei)ortod 1350-keV gamma transition in the new cascade and also gives the 870-koV gamma 
transition between the 2380-keV level and the 1510-keV isomeric state of Yb^’^^ A decay 
scheme of is proposed and the results are compared and discussed in the light of the 

unihtxl model and the pairing correlation model. The (rj,p) cross-section for Yb^'^^ is found 
to bo 3*5 J,1 mb. 

INTRODUCTION 

Wille and Fink (1960) reported for the first time the production of the 
luiclide by neutron irradiations of enriched and assigned a 6-5-miri 

half-life to it. Takahashi ei oZ (1961) observed a 5-min activity in the products 
formtid by the fast neutron bombardment on natural ytterbium oxide. Kantele 
et id (1964) made a study of the Tm^’^ isotope and reported its half-life as 5-2i:0-.l 
min after following the decay of the lOOO-keV gamma ray in a single-channel 
analyser. They also reported a decay scheme of Tm”* based on the results 
of sum and sum-peak spectra along with the knowledge of the 850-/^s isomeric 
state (Kantele, 1964) at 1520 keV in Yb^’o. According to the decay scheme 
of Kantele et al. (1964), the Tm”« nucleus decays by two beta groups of maximum 
energies 1200±100 (;=; 80%) and 0-700 keV (=; 20%) to the excited levels of 
at 1886 and 2386 keV, respectively. The 2385-kcV level decays by the 
497-keV gamma transition to the 1886-keV level, which in turn populates the 
860-/^s isomeric state at 1620 keV. The isomeric state apparently depopulates 
by a multipole cascade of the 995-275-176-76 keV gamma rays. They have 
also tentatively suggested other weak modes of decay of the isomeric state through 
the cascades 1270-176-76 keV and 630-366-275-76 kcV. It is known (Orth, 
1964) from the decay of the 165.d isomer of Lu”* that the isomeric state at 1520- 
keV in Yb”* decays to 4+, 6^ , and 8+ members of the ground state rotationa 
band with relative intensities ssO-l, 1-0 and ss 0-01. Very recently Funke et a 
(1966) in their study of Lu”**" reported the decay of the 1526-keV isomonc state 

667 
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of in two cascades 995-280.176-76-5 and 630-365.280-175-76-5 kcV having 

the intensity ratio 41^5. They have not observed the third cascade 1270-176- 
76-5 keV reported by previous authors (Kantele, 1964; Orth, 1964). 

The present investigation was undertaken to study the decay of Trn^’^ in 
more detail with an intention of studying the weak gamma transitions assigned 
tentatively by Kantele et al, (1964) and also to resolve the discrepancies regard- 
ing the number of cascades and their reltative intensities observed in the de- 
excitation of the isomeric state of 

SOURCE PREPARATION 

The Tm^^^ isotope was produced by the (w,p) reaction on Yb^’^ enriched 
to 99%. The incident neutron energy was 14*8 MeV, and the typical neutron 
flux of the order of 4 x 10^® n/cm^ sec was maintained at this level in all the 
irradiations. The possible contaminant activities in the source were car(-full\ 
looked for on the basis of the data of isotopic and spectrographic analysis of the 
supplied enriched sample as well as with the aid of suitable activity lists (Slater. 
1962; Nuclear Data Sheets, 1964). A long-lived activity noticed as an impurily 
in a very small amount was due to Yb^^^ (4.1 d). This was produced by th(‘ 
{n, 2n) reaction on Yb^’® which was present as much as 6*4% in the enriched 
isotope. The contribution due to this activity was subtracted out in all the 
measurements. The other short-lived activities, suspected as impuriticss, 
were due to the reactions Cu®® (/?, 2n) Cu®^ (9-5 rain); Pr^'*^ (n, 2n) Pr^^® (3*4 iriin) 
and Yb^’® Tm^’® (1-4 min). The contribution of Tm^’® is expected to be 

very small since the measured (n,p) cross-section for Yb^^® is 1 -Sib’S mb 
(Gujrathi et al, 1965). The impurities of Cu®® and present in the enriched 
sample wore insufficient to alter the main conclusions. The estimated tola! 
contribution due to all these impurities was less than 3% of the total decay ot 
Tmi’^. 

For the beta ray measurements the irradiated enriched ytterbium in the 
form of oxide powder was uniformly spread inside a bag of thin mylar. The 
average thickness of the source was 1 mg/cm^. Since the measured (n, p) cross- 
section for Yb^’^ is small, a large number of irradiations on several hundred 
milligrams of enriched isotopes were needed to complete each measurement. 

EXPERIMENTAL RESULTS 
(A) Half4ife measurement and the (n,p) cross-section 

The half-life of Tm^"^^ was measured as 6-6i0*3 min in close agreement with 
previous reports. The half-life was also studied by following the decay of 50, 
176, 275, 370 and 990-keV gamma rays (see Table 1) in a single-channel analyser. 
In all cases a clear half-life of 6±1 min was observed. The cross-section for 
the Yb^^^ iP'fP) Tm^’® reaction was calculated by the activation technique, the 
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experimental detaik of which were as reported earlier (Mukherjoe ef aZ., 1961). 
The measured value of the cross-section was 3-5:t;l mb as compared with the 
value of 666 mb for the Cu*® (n, 2n) Cu*® reaction. 

(B) Oamma and beta ray measurements 

The experiments were performed to study the gross features of the gamma 
ray spectra of Tm^^® produced by bombarding enriched Yb'’*. The gamma 
spectra were measured with a 7*6 cm x 7*6 cm NaT(Tl) crystal optically coupled 
to a RCA-8064 photomultiplier and a 612-channcl analyser. Fig. 1 shows a 
typical gamma ray spectrum in which the source was placed at a distance of 
3 cm from the crystal on a 0-6 cm thick lucite plate to cuf< off the beta particles, 
i’hoto peaks are observed at energies 60, 76, 175. 275, 370, 490, 630, 870, 090, 
1260 and 1340 keV. Due to the summing of the cascade gamma rays some of 
the peaks have been slightly broadened. This effect is clearly seen in the 490 and 
990-keV gamma rays. The gamma spectra were also studied by systematically 
introducing 0*1 to 1 cm thick lead absorbers be tween the source and the detector 
to reduce the summing of X-rays and the low ('nergy gamma rays. The hroaden- 
ings at 650 keV and 1040 keV shown in fig. 1, were found to be due to the Yb K 
X-ray or the low-energy gamma ray summing with the 490 and !)90 kc\" gamma 
rays. To study the decay characteristics of the photopt^aks obscrv(“d in the single- 
crystal measurements, another experiment was performed in whi<ih throe gamma 
sjH'ctra were taken in succession at 1 min. 5 min and 11 min afl<'r the end of the 


490 
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Channel no- 

1. Gamma spectrum of Tm”« taken with a 7 6 cm x 7-6 cm Nal(Tl) detector. Source- 
to-orystal^diBtanoej^was 3 om* 
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bombardment. Fig. 2 shows that all the prominent gamma rays are decaying 
with a half-life of 5^1 min. 



0 10 20 30 40 50 60 70 80 90 

Channel no. — ► 

Fig. 2. Gamma spectra of Tm'"^* taken at 1 min. 0 min. and 11 min. after the end of fcho 
irradiation of enriched shown as curves (a), (b) and (c), respectively. 

The gamma ray energies, their relative intensities calculated from single 
crystal as well as from some of the coincidence measurements and the gamma- 
gamma coincidence results are given in table 1. 


TABLE 1 

Gamma ray energies, their relative intensities neglecting the con- 
versions and the gamma-gamma coincidence results. 


Energy of 
the photo 
peak 
(keV) 

Unconverted 

gamma-ray 

relative 

intensity 

In coincidence with 
(keV) 

60 ± 5 (Yb K X-ray) 

30±10 

176, 276, 350, 600, 630, 990, 1260, 1360 

76i 6 

10± 3 


176i: 6 

72drl6 

50, 275. 360, 500, 630, 990, 1260, 1350 

276i 6 

90il6 

50, 175, 350, 500, 630, 990, 1350 
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The beta measurements were performed with a 51 cm x 1-3 cm thick 
anthracene crystal mounted on a RCA-6810A photomultiplier and a 612-channel 
analyser. The source to crystal distance was 0-5 cm. Fig. 3 shows the Fermi- 
Kurie analysis of the beta spectrum of Tm’^i, Two beta groups with maximum 
energies of 1200±60 (82%) and 700±50 (18%) keV arc found associated with 
the decay of Tm^’^. The energies, intensities and the log ft values of the two 
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Fig. 3. Fermi-Kiurie plot of the beta spectrum of The detector was a 5*1 cm x 1*3 cm. 

thick anthracene crystal. Sourco-to-dotector distance was 0-6 cm. 

beta groups are given in table 2. In the measurement a very weak beta group 
of 2500i400 keV (2-3%) was observed to decay with min-activity. This 
group was not assigned to Tm^’^ as it was found in coincidence with the 610-kcV 
annihilation gamma rays. It might be due to the suspected impurities of 
(9*6 min) and Pr^^® (3-6 min) present in very small amounts in the sources 

TABLE 2 

Energies, intensities and log ft valui's of the beta ray groups. 

Beta ray 

end-point energy Intensity log ft. value 

(koV) (%) 

1200±60 82 4.8 

700^-60 18 4.6 

DISCUSSION 

(C) Coincidence results 

To study the cascade nature of the various gamma rays and beta-gamma 
relationships, coincidence studies were made. In the gamma-gamma coincidence 
studies, a 5-1 cm X 5*1 cm Nal(Tl) crystal spectrometer was used to select the 
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gating gamma ray and the gated spectrum was taken with another 7*6 cm X 7*6 cm 
Nal(Tl) crystal. For the beta-gamma coincidence measurements the 7*6 cm 
x7-6 cm Nal(Tl) in the abovc3 arrangement was replaced by a 6*1 cm x 1*3 cm 
thick anthracene crystal. The resolving time (2r) of the coincidence system 
was 2 /^s. 



Channelfno. 

Fig. 4. Gamma spectrum in coincidence with the 370-koV gamma ray. 

Most of the prominent gamma rays observed in the single-crystal spectriiiii 
were taken in the gate, and the coincidence gamma spectra were studied. The 
spectrum in coincidence with the Yb K X-ray showed clear photo peaks at 175, 
275. 350, 500, 630, 990, 1260 and 1360 keV. The existence of the fourfold casoach* 
of an X-ray and 175, 275 and 990-keV gamma rays reported by Kantele <t al. 
was confirmed. With the 370-keV gamma ray in the gate the 500-koV gamma 
ray was observed in coincidence with the other photopeaks at 60, 180, 280 and 
630 keV as shown in fig. 4. With the 275-keV gamma ray in the gate, the coin- 
cidence spectrum showed the 55, 75, 175, 275, 350, 600, 635, 990 and 1350-k(‘V 
gamma rays (fig. 5); while with the 176-keV gamma ray all those gamma rays 
with an addition of the 1260-keV gamma ray appeared in coincidence. In 
fig. 6, curve (a) shows the result obtained by gating with the 1200-1400-keV 
portion of the gamma-ray spectrum, which includes both the photopeaks of 
energies 1260 and 1340 keV and curve (b) shows the results on gating with tin? 
12()0-1260-keV portion of the gamma spectrum which includes mostly the 1260- 
keV photopeak. It can be seen from fig. 6 that tJie intensities of the 275 and 
500-keV photopeaks are decreased in curve (b) relative to the intensities of the 
60 and 176-keV gamma rays. All the gamma-gamma coincidence results arc 
summarised in table 1, 

The beta spectrum in coincidence with the 370*keV gamma ray showed 
two beta groups of end point energies 1200±60 and 700±60 keV with the same 
ntonsitiea as observed in the single-crystal measurement. When the beta spec- 
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;rum was gated with the 500-keV gamma ray, a single beta group of 700±50 koV 
was observed in coincidence. With the 99U.keV gamma rays no beta particles 
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Fig. 6. Gamma spectrum in coincidonco with the 275-koV gamma ray. 
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Kig. 0, Gamma 8i)octra obtained in coincidonco when thn gating window was pot at the 
1200-1400 and 1200-12G0-keV portions of the gamma spcclruin, sho\cn ay curves 
(a) and (b), rospoc lively. 


Avero obsorvod in prompt coincidonco. The coinoid('i)co spocira a\(tc also studied 
by gating with the 275 and 175-kcV gamma rays which sIioAvcd an indication 
of the 1200-koV beta group. The results were not conclusive as it was difficult 
to (estimate the contributions due to the spectra obtained by beta particles and 
the Compton scattered electrons from the coincident high-energy gamma rays. 
To cross-check this result and also to find gamma rays in coincidence with the 
beta particles, a gamma spectrum in coincidence with the beta rays was studied. 
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The gated beta spectrum was biased up to 300 keV to avoid the contribution 
of high energy gamma rays arising due to gamma-gamma coincidences with the 
low-energy ones. Fig. 7 shows this conincidence result with the evidence for 
the existence of the photo peaks at 60, 176, 276, 370, 500, 870 and 1360 keV, 
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Channel no. 

Fig. 7. Gamma spectrum in ooincidonce with the beta rays greater than 300 keV. 

In the spectrum the intensities of the low-energy gamma rays of energies 60, 
176 and 275 keV is slightly higher duo to the coincidences between these gamma 
rays and the high energy coincident gamma rays detected in anthracene crystal. 

DISCUSSION 

The (w, p) cross-section value for Yb'^^ is mb and is comparable with 

the observed (n,p) cross sections in this mass region of rare earth (Wille et aL 
1960; Gardner, 1962; Chatterjec, 1964). This value is higher than the one predic- 
ted by Gardner (1962) which is 2 mb. It also fits quite satisfactorily with the 
trends of (w, p) reaction cross-scctions at 14-MeV neutrons (Cliatterjee, 1964). 

A proposed decay scheme of Tm^^^ which contains all the prominent features 
of the observations is shown in fig. 8. This agrees in many respects with the 
one given by Kantelo a?, (1964). It should be noted that the 76-keV gamma 
transition is known (Sliv et al, 1956-58) to be highly converted (a^ = 10*24) 
and therefore in most of the experiments it was not observed. Instead a 60-keV 
Yb K X-ray appeared. In the decay scheme the gamma transitions of 350, 
630, 870 and 1260 keV were assigned tentatively by Kantele et al (1964). They 
are confirmed by coincidence measurements in our studies. The now gamma 
ray of 1360 keV is due to the transition from the 1880-keV level to the 626-keV 
level of the ground state rotational band in Yb^^^. This is concluded from the 
coincidence results obtained by gating with the 60, 176 and 276-keV gamma 
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rays, with the 1200-1260 and 1200-1400-keV portions of the gamma spectrum 
(figs. 6 and 6) and also from the observed gamma si)ectrum in coincidence with 
the beta rays greater than 300 keV (fig. 7). From the studios of the Coulomb 
excitation of the rotational levels in Yb”^, it is known (Do Boer e( al, 19(53) that 
the gamma cascade of energies 350-275-176-75 keV corresponds to the ground 
state rotational band ^ = 0. Assuming the 275, 175 and 75-keV as E2 gamma 
transitions, the theoretically calculated total internal-conversion coefficients, 
(ar) are 0-900, 0-424 and 10-24, respectively (Sliv and Band, 1956-58). By taking 
account of the aj* values for these gamma transitions one obtains the follow- 
ing total intensities : 99±15, 103i:16 »nd 112±-^1- respectively, which are con- 
sistent with the decay scheme. 

The ground state spin of the Tm*’* oan be assigned from the orbital systematics 
using Nilsson diagram. The 69tli proton orbital 1 /2+[41 1 ] consistently appears 

in the ground state of Tm isotopes with mass numbers 165 to 173. Similarly, 
the 105th neutron orbital 7/2“f514 j,] consistently appears in the ground state 
of yjTa^’*, and 74W'’*. Therefore one can reasonably 

assume that the ground state of e9TmJJJ consi.sts of these two configurations, 
and according to the coupling rules of Gallaghar and Moszkowski (1958) the 
expected ground state spin of it should bo 4“. The observed log ft values for 
the beta transitions from Tm*^’^ are the allowed unhindered type and suggest that 
the spins of the 2380 and l880-keV )»v«ls of Yb*’* should be 5" or 4“ or 3". The 



Fig. 8. Proposed decay scheme of Tm’^*. 


assignment of O’*" (Katele, 1964) or probably 7 (Funke, et al, 1966) spin value 
to the 850-/m isomeric state at 1510 keV and the observed gamma transitions 
from the levels at 2380 and 1880 keV to the 1510-keV state rule out the possi- 
bility of 3-. As suggested by Kanicle ci al, (1964) the pairing model calculations 
of Gallagher and Soloviev (1962) give the levels at 2300, 1800 and 1600 keV with 
the spine as 4r, 5- and 6+ which can fit with the observed levels at 2380, 1880 
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and 1610 kcV, respectively. The 4*“ and 6~ levels are the proton two-quasi- 
particle cxeitations havin^^ the configuraiions 7/2[623t]> l/2+[4114] and 
l/2+[4114,], 9/2"[514 t ]» respectively and the 6"^ level is due to the neutron 
tvvo-quasi particle configuration 5/2"[512t] and 7/2' [614 J, ]. 

We have calculated the hindrance factors for the 1260, 990 and 630-koV 
gamma transitions from the observed intensitic'S for different multipolariti(‘s 
obtained by assuming 6"^ and 7“ spins for the 850-//S isomeric state. It is found 
that 6+ assignment to the 1610-keV isomeric state in is more consistemt 

with our observations instead of 7" arising due to the neutron two-qnasi particle 
configurations 9/2 ^ [624 f J, 6/2~16i2 ^ ]. From the (0^®; reaction on 

the levels at 75, 250, 525 and 875 keV which form a group of th(‘ ground state 
rotational band K ~ 0 an' assigned the spins as 2+, 4^', 6+ and 8*, respectively 
(Do Boer rt al, 1963). 
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STUDY OF THE TRANSVERSE VIBRATION OF THE 
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ABSTRACT. Thoorotioal work on the wuve propaj^ation in an ulasiic-plasl k* string? 
stnic-k transvorrtoly at its niddlo point is discuss^ in this papor graphically. The only basic 
assumption is that the tension of the string is Bomc known non-linoar function of strain 
This moans that tho phase velocity of tho traninrorsij wave changes from point to point as 
the j>ulse is propagated ihiviugh such a string whkh ultimately becomes assymetrical in shape. 
Tlio main object of this paper is to explain graphically : 

(i) variations in di.splacements with time, 

(ii) variations in pressure with time, 

(iii) time of collision under different plasticity conditions, into three different sections. 

INTRODUCTION 

Before the discussion of the problem under consideration something must 
b(* said about the elastic-plastic behaviour of ihv string employed in the present 
issue. Tho foundation of tho theory of jilasticity lias not yet b(*en firmly cstab- 
lislied and the various survey papers about tlie subject differ from one another 
not only in scope but also in the points of view of their respective authors. In 
tlic case of a perfectly elastic string vibrating under transverse imi)act the stress- 
strain law is provided by a lincw relation which is independent of time. It may 
b(' noted in this connection that any deviation of the assumption about this 
linearly in the stress to strain relation will introduce plant icily in the material 
of the string. In the presi'iit theory strain is iieitluT linearly dependent on 
strain nor does it depend upon the strain-rate but unlike the case of a perfectly 
flexil)le string the tension is assumed to be a known non-linear function of strain. 
Tlie important contribution of this assumption is that the phase velocity of the 
string due to transverse^ impact does not remain constant as the pulse is pro- 
pagated along the string, but depends upon strain and changes from point to 
point of it. TIuis tho velocities at different poiiits are dlflerimt functions of 
strain. Naturally the veloeitj^ gradients at different- points of tlio string are 

different functions of strain and the measure of the change in velocity gra- 
dient at tho struck point is evidently a measure of the plasticity of the string. 

For the purpose of a thorongh and a much better investigation of the above 
theory some theoretical graphs are drawn and the various interesting results 
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coming out of them are found to agree well with the earlier theories of the subject 
matter under discussion. In this paper special attention is given to the dis- 
cussion of the graphical results as stated in the abstract in three different sections: 

EXPLANATIONS OF THE SYMBOLS USED 
I = Length of the string = a +6. 
a = Shorter segment of the string. 
b = Longer segment of the string, 

s = Variable measured along length of the string fixed at « = o and « = J. 
t Variable time. 

ya == Displacement of the struck point. 
p == linear density of the string, 
m = Mass of the hammer. 

€ =: Variable strain at any point of the stjing. 

Ci(e) = Velocity of the transverse v\ave motion of the string in the portion 
o < s < a. 

c^(e) = Velocity of transverse wave motion of the string in the portion a < s <l 
Ca(e) = Velocity of transverse wave motion at the struck point. 

= Velocity of impact. 

F = Pressure exerted by the hammer. 

[(SL-(t*L] 

g = . 

m 


r == 9^(8) 



It has already been stated in the abstract that the paper proposes to find out 
displacement and pressure fluctuations at the struck point of the string. In 
doing so computations are made with the help of some numerical datas as : 

2 == 96 cm* m = 26 gms, p = 1 gm/cm, = 3000 cm/sec. 

Va = 40 om/sec, 0 = ?L = -064 sec, g = - 300. 

c„ ’ wi 


and 


V?*-4r = 10V900-12^(e) 
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TIME DISPLACEMENT VARIATIONS AT THE 
STRUCK POINT 

The expression for the displacement at the struck point as obtained by 
Ghose et at (1966) in an earlier publication during the Ist epoch is, 

where (a, fi) are given by 


[a, p] = 150±6 V»00-~12v4^(e) 

Tt can be easily seen that the nature of the values of (a, fi) depend upon 

the discriminant of (2) i.e., \/900‘-i2t/fl€)i Thus the values of (a, /?) will be 
either all real distinct or real equal or else imaginary depending upon the values 
of r^ie). The discussion is therefore restricted to these threes different cases that 
may arise. When 5* > 4r i.c., when r/r{e) < 76 

Va = — g— ^ ^ sinh /— \/g®— 4r I i 


when g* = 4r, i.e., when t/r(€) = 76, 


Pa = ^0^ 




when g2 < 4r i.e., when ^(e) > 76, 

=r — ^ sin I t 

\/4r— g2 

Fig. 1 represents the complete behaviour of time displace ment variations for the 
case ^(e) < 75. 

> 

The curve for ijr{€) — 0, i.e. w^hen the string is elastic sliows that the dis- 
placement increases with time exponentially and ultimately becomes steady at 
a finite value. 

Curves for 0 < ^(e) ^ 75 which is ih(' critical value of ^ 75] 

show a distinct feature analogous to the damped vibration in string. Here the 
maxima of the displacements decrease as \lr{€) increases. But the rate of fall 
of displacement increases progressively with v5^(e). This is clearly due to increased 
damping associated with the increased plasticity of the material 

The case for \lr(s) > 76 makes the time-displacement curve damped oscilla- 
tory. The amplitude of vibration of this curve though at first increasing is much 
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less pronounced in this cas(^ than in other cases of ^(e). It then remains almost 
constant during the first epoch as it is clear from the graph itself. This shows 



Fig. 1. 


that immediately after impact the pulse propagates along the string with more 
or less a constant velocity. The fall of displacement is however much more 
slow in tliis case due to increased plasticity of the siring as the case shoul 1 be 
At large value of plasticity it is associated with largo damping. The anipl t iid< 
is therefore very small and the curve resembles a highly damped motion. 

The theoretical time-displacement graphs obtained by the pnvsent auibor 
reveals the fact that the displacements gradually diminish due to increased plasti- 
city of the string, a conclusion quite analogous to that derived by Kolsky (1900) 
in the case of thin bars which are visco-elastic in nature. 

PRESSURE- TIME VARIATION AT THE STRUCK POINT 

The expressions for pressure at different epochs exerted by the hammer on 
the string as derived by the author in an earlier publication (Ghosh, 1905) arc 
as follows : 

During the interval, 0 < i 

p _ 

^ (g2-^4r)* 




( 1 ) 



During, 
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da<t < 2da. 

where, 

[a, ^] = i Ig it Vs*— ^^^(e)l (3) 

It may be observed that the r.h.s. of (3) actually explains the, nature of the 
roots (a, /ff). The only undefined quantity on the r.h.s. of (3) is which is 
termed as the ‘representative of plasticity’ in the string and capable of assuming 
any arbitraty value. Naturally the values of (a, /?) may be cither real unequal 
or real equal, or else imaginary subject to the 3 conditions g® > 4gv5r(c) i.e., 

m < 76 . ^ 

> 

The main object of this section is to study the pressure-time variations under 
different plasticity conditions i.e., corresponding to different values of 
It is therefore necessary to define the expressions for pressure at different epochs 
suitably ndative to various values for ^(t). 

Thus for values of ^ 4qijf(€) i.e., ^r(e) 76 the pressure expression during 

< 

tiu* different C‘pochs are given, 

During, 0 <:' t < Oa. when > 4qijr{c) i.e., when \Jr(c) < 75 

P, = < - g(g*-4>-)i cosh t ] 

Similarly when, — 4r, i.e., ^(e) ■= 76. 

Pj = mvQqi/r{€)t 

Similarly when, q^ < 4q\jr(e) i.e., \lr{e) > 76 

-= ““ {i 

It will be observed later that pressure falls to zero during the 1st epoch in all the 
cases excepting the critical one and so the expressions for pressure in higher 
epochs are not written here. 

With these expressions for pressure as a function ol time a few graphs arc 
drawn under various plastcity conditions and the different interesting conclusions 
derived from them agree well with the earlier theoretical results about the matter. 
7 
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Figs. 2 and 3 correspond to the pressure time variations under ditferent 
values of ^(e). 


Time 
Fig. 2 



Fig, 3 


Fig. 2 represents the pressure-time curve for =- 0. The case corrcjs- 
poiids to that of perfectly elastic string. Here th(^ pressure which is very large 
at the beginning falls to a minimum, becomes high as a fresh new' wave is generated 
at the beginning of the 2nd epoch. The behavioiur of the sting in this case is 
quite similar to that derived by Ghose (1952) in the case of a perfectly flexible 
string. Fig. 3 is a complete picture of the pressure-time variations due to the 
increased plasticity of the string. 

By studying the pressure time curves for various values of \lr(e) it is found 
that for values }Jr(e) < 75 i.e., q < 4r, the pressure suddently jumps to a value 
ku^c at t = 0 and then falls exponentially to zero within the first epoch with 
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comparatively little change in nature. But the duration of contact diminishes 
as the representative of plasticity, increases. I’liis means that the medium 
becomes more and more dispersive as well as dissipative' in nature. The above 
remarks receive a strong support from the experimental re^sults of (Jhosh et al 
(1905) who, in the case of a thin bar, has shown that the pressure terminates 
during the first epoch when it is struck by alight and soft, (or pla.stic) load. 

The curve for i/r{e) = 75 i.e., for ^ 4r is critical. By studying the pressure 
tiiiK* variation in this case it is found that the amplitude of the stress pulse is 
inuc-h diminished showing that the responso of this critical plasticity condition 
on the pressiirepulse is so marked that the shape* of the pressure curve is changed 
altogether. The progressive rise of the prossurii pulse is rather smooth and 
the rate of fall is more slow showing no tendency of the i)ressure being terminated 
nit!) in the first epoch. 

The curve for ^(f:) > 75 i.e., shows that when the material of string is more 
])lysti(\ stress is not generated in the string by impact shown by the negative 
values of pressure. The energy of impact is dispersed so quickly that the string 
imdergoes very small displacement at the struck point as shown by the time 
displacement curve for t/f(c) — 100. 

Phase angle versus : 

It has been observed that when < 4r. the pressure equation becomes 
{larap(‘(l oscillatory. This result is in agreement with the case of a light and soft 
load striking a flexible string transversely. The values of ^(e) > 75 i.e., large 
values of plasticity are responsible for the initiation of a type of waves through 
the matc^rial that the stress developed in the specimen due to the* propagation 
of pulse is no longer in phase with it. The stress becomes more and more out of 
plase with the pulse as the value of x}r(t) increases. This feature is depicted in 
fie 4, in wliicli tin* variation oi’ uith ^//(^) is shown For values of ^(c). 


a; 

ad. mt. 




o 

.1 

H 


^£■(8) ’r'(s) 

Kig. 4 Kg- 5 

^ is nccoBsarily large which means that the stress needs a longer time to rise. 
Here, 


S = tan“^ 


q(ir-q^)* 

2r—f 
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TIME OF COLLISION UNDER DIFFERENT 
PLASTICITY CONDITIONS 

When the impacting load strikes the string, it first moves in the forward 
direction, then momentarily comes to rest and tlicn b(*gins to move in the opposite 
direction. The duration for which the string remains in contact with the moving 
load is defined to be the time of collision. 

The time of collision plays a very important part which explains the actual 
acoustical behaviour of the string vibrating in any mode. The amplitude of 
vibration at different harmonics depends upon the pressure imparted to the string, 
as well as, on the time of collision for which the pressure acts from the beginning. 
The expression for pressure at the struck point has already been derived by 
the author in a previous publication. The purpose of this section is to cxamiiu^ 
graphically the time of collision under different plasticity conditions, i.e., ^(c). 
the representative of plasticity, assuming different arbitrary values. 

The time of collision for any particular epoch can be found algebraically to 
be the lowest positive root obtained by solving the pressure equation at the struck 
point to zero i.e., P„{t) = 0. This m(‘thod is employed when it becomes difllciill 
to obtain time of collision graphically, usually at higher epochs. 

Fig. 5 represents graphically how the nature of the times of collision between 
the load and string changes as the plasticity increases more and more. 

The time of collision is comparatively large in the case of an elastic strini' 
i.e., corresponding to value of ^(e) = 0. It then falls suddenly and then attains 
almost a steady state for values of 0 < ^(e) < 76. The portion of the graph 
for this range of values of i^(€) is almost a straight line whose slope gradually 
diminishes until the critical stage is reached. When the critical value is attained 
by f (e) i.e., when i/r(ej = 75 the time of collision jumps to infinity showing therein 
that the load remains in contact with the string and moves with it. 

The discussions made in the above three sections depict the actual dynamical 
conditions of the string struck transversely at its middle point. The corres* 
ponding conditions when it is struck near one end will be published in a subsequent 
issue of the journal. 
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ABSTRACT. The effect of anharmonieity on th(5 intormolocular potentials donvoci 
from crystal properties (using Einstein approximation) has been consitlered for an elaborate 
six-i)aramoter potential. The results obtained in this paper show that crystal properties can- 
not be used for an accurate determination of the pair-wise additive intermoleoular potential, 

INTRODUCTION 

The effect of anharmonieity on the intermoleoular potentials derived from 
crystal properties on the Einstein approximation has not yet been determined 
satisfactorily. Calculations performed by Zucker (1958) for the Lcnnard -Jones 
(12:6) potential show that the effect of anharmonieity cannot be neglected. On 
the other hand, Guggenheim and McGlashan (1960), have used mainly crystal 
properties to determine the intermoleoular potential of argon on an elaborate^ 
six-parameter model. Guggenheim and McGlashan (1960) could not assess the 
effect of anharmonieity and they assumed it to he n(‘gligibly small. They argiKul 
that due to the limitations of the Lennard- Jones (12:6) potential the conclusion 
reached by Zucker (1958) regarding the effect of anharmonieity is uncertain. 
Consequently, it is very desirable to obtain an estimate of the effect of anharmoni- 
city on the crystal properties for the six-parameter potential itself. 

Another factor which should play a significant part (Jansen, 1963; Barke r, 
1964) in the determination of intermoleoular potentials from crystal properti(‘s 
is the contribution of many-body interaction, i.e. the intermolecular potential 
can no longer bo considered as pair-wise additive. Tn principle, bulk properties 
of scalar character are not particularly suitable for obtaining information on 
non-additive forces as their functional dependence on these forces is too implicit 
(Jansen, 1963). However, some information on the non-additive interactions 
can be obtained by an accurate analysis of the gaseous and the solid state pro- 
perties of the same substance. 

Recently, Barker ( 1964 ) has obtained the intermoleoular potential of argon 
on the core potential by utilising only low-pressure gaseous properties in which 
effects of many-body interactions and anharmonieity may be neglected. The 
potential energy curve thus obtained is much closer to six-parameter potential 
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than to tho Lennard-Jori(‘H (12:ti) potential. The forc(‘ parametfTw for argon as 
obtained by ns in this paper from crystal properties at O'K are quite dilfereni 
from those' obtained from gaseous data (Barker, 1904). This probably shows that 
the eorc‘ potential is sensitive and flexible enough to sliow tin* (*ffeets of anhar> 
monicity and may-body interactions if they are of significant magnitude. We 
have used tlu' core potential to calculate the entropy of solid argon at diffen‘ii( 
temperatures. 


A L U L A T I () N S A iNf D J< K S U I. T S 
The core potential with a spluTical core of diame ter y may be writlt'n as, 




( 1 ) 


where r is tlu* internuelear distance, c the depth of thf' potential r* - ricr and 
y* V- yjer. (T is the value* of /* for which <!>{'/') 0. A1 0 K fuihairnonicity (Tfect 

is pros(mt only in zero-point enc'rgy and we shall negk'ct it. Wt* have* used the 
heat sublimation Lq and the lattice distance at 0^'K for (*.aleulating the forc(> cons- 
tants of argon for the core potential. The equations us(‘d are tin* (dllowina • 




and 


C, 


2(1 


Ai 


1 —y* 




A* 

m(T-t(\ — ■y’")^ 


( 2 ) 


y 


106’ 




1 — y** 


... ( 3 ) 


etc. are crystal constants which depend on the lattice (Hirschfekh'r 
ei al, 1954). 

In the calculation of cr and e from eqs. (2) and (3) we have aasume-d y* to 
have the same value as determined by Barker (1994). The results obtaini'd are 
shown in table I together with the values for the Lennard-Jones (12:6) potential. 
It may be seen that unlike the Lennard-Jones (12 :6) potential the two sets of 
constants for the core potential as determined from the gaseous and crystal data 
differ considerably from each other. 
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TABLE 1 


Constants for the cor(> potential and Jj('nnard -Jones (12:6) potential 


('Onstanls dottirmined from 


C'oro potential 


Crysl/al PropeHies 


0.1 0.348 117.25 


Gaseous Properties 
y* cr"A elk'^K 

0 J 142.0 


Lnnard-Joiios 0.0 3.403 122. 46*^^ 0.0 3 400 

el2 : 6) 

(1) Barker, et al (1964). 

(2) Zucker, (1966). 

(3) Whalley el al ( 1955). 

For the core potential, the frequency of vibration on the Einstein approxi- 
mation is given by, 






1 y* \® 


... (( 4 ) 


In order to check the reliability- of the force parameters calculated by us we have 
oaleulated the Debye temperature at 0°K from the relation 


( 5 / 3 ) 4 *^^ 


... (5) 


The frequency v being obtained from t‘q. (4). Tlie experiinciiital value of 0^ is 
and those calculated by using the force constants dcderinined from crystal 
data and gaseous data are 94.1^K and respectively. Th{‘ cxctllonl agrtM - 

ment between the experimental value of Oq and the value calculated from the 
crystal properties at 0°K show that this set of constants should reproduct) satis- 
factorily other crystal properties at higher tempeiatures minius anharmonicity 
effects. Since the force parameters for the core potential have been determined 
by fitting with solid state data at 0°K, they should adjust themselves to take 
into account the raany-body interactions. 

The molar entropy of the crystal can be expressed as, 

SI It — X coth ~ —3 In ^ 2 sinh j ••• 

where 


The entropy values at different temperatures have been calculated on the core 
potential from both the stds of constants using eqs. (4) — (b). The results togethei 
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with the experimental values are shown in table II, The quantities (8o—8c)IR 
and {8b—8c)IR represent approximately the effect of many body interactions and 
anharmonioity respectively. 


TABLE n 

Entropy values calculated for the core potential, at p-+0 


T®K 

From gaseous 
properties data 
{SiB)a 

From crystal 
properties data 
{SIR)c 

Experimental 

l — y cosech^ a:/2 

20 

0.642 

0.380 

0.764 

1.0666 

30 

1.458 

1.038 

1.624 


40 

2.223 

1,713 

2.231 

1 . 1403 

60 

3.099 

2.399 

2.854 


60 

3.731 

3.106 

3.417 

1.0963 

70 

4.247 

3.653 

3.938 


80 

4.638 

4.199 

4.431 

1.0746 


^ Guggenheim et al (1960), 

We shall now utilise the results obtained above to see if the consideration of 
anharmonioity improve the agreement between experiment and theory on th(' 
six-parameter potential. The six parameter potential in the neighbourhood of 
its minimum may be written as (Guggenheim et al, 1960). 

where e is the depth of the potential well at r = when r is very large f(r) 
vaies primarily as r*"® and may be written as 

^(r) = ... (8) 

On the Einstein approximation for the acoustic modes of vibration of the 
frequency v is given by 

^ p(i+A)-Hl+3A)-aA(14-A)-Hl-l-2A)+2yffA*(H-A)(l+A)-i 

{l+|A)-6fci?A(H-A)-« - {») 


where 
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The molar total energy U can be expressed as 

= - ( 10 ) 

being taken as zero for infinitely dispersed atoms at rest. The expression for Sjli 
on the six-parameter potential remains the same as that given by ecj. (5). Wc 
have also the relation, 

pVIRT = - [2A-A{l+A)-3aA*(l+A)-f4//A9(H-A)-ffi^«:;i2A(l+A)-«| 

1 2i 

'‘(1+^)'*- ^(1+A)-M1+4A+2A*) 

+4/iA(l+A)-‘( l+3A + g A*) +40 A(l+A)-« (11) 

where p is the pressure and V the molar volume. 

Initially we have neglected anharmonicity and taLea // = 0 and for Ajk 
the quantum mechanically calculated value lOO'^K was chosen. By using the 
expc rijnontal values of the lattice distance and (uitropy values (given in columti 
3 oi' table 11) at 80''K and 40 K and following the method described by GuggeJiheirn 
and McGlashan (1900) we have calculated the constants a, k and 

When the atom is displaced from its lattice site by a distance with compo- 
muits T]f ^ along the principal axes of the crystal the increase in energy is given 
by 

-A \ i-(l+A)-Ml+3A)-aA(l+A)-Hl+2A)+2^A2(l+A)-i 
»■« >-4 

Jl+I A)-6-^«^~^^A(l+A)-*j x5 |^_^(i+A)-i 

+^A1+A)-’(1+6A)-14-^~1^A(1+A)-i»]+0(p«) ... (12) 

higher order in p being neglected. When anharmonic terms in ec{. (12) are consi- 
dered, the energy level along any of the perpendicular axes is given by 

(n+^)x+(n^-\-n+l)y ••• ( 1 *^) 

y is defined as, 


... ( 14 ) 
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We have also (taking /? = 0 in the harmonic approximation) 


VIBT = ^ [-e+tA*-aAHAA*-^ A(l+A)-«] 

+1 X coth I |l cosech* j j (15) 

SjRT = ^ X coth I 1— J/ coseeh** —3 In (2 sinli xj2) (16) 

pVIkT = - [2fcA(l+A)-3aA*(l+A)+4/;A'’(H A)+6^«^i? All+A)-"' 

— — , ^*coth* [ 1 — (/ cosec A® * coth .r/2l X 

7r%vr„s 2 2 L 2 dxkh ' J 

[.g X(l+A)-»-a(l+4A+2A2)+4M(H A)-'( 1+3A+ |a» 


•40"a-J=- A( 14 Ar] 


... (17) 


TABLE rn 


Force constants of argon for 8ix-])aramoifir model 


Set 

No. 

A/fc^K 

B 

Tm A 

e/fc"K 



10-%/;t“K 

Rof. 

1 

160 

3.806 

139.11 

00.0 

24.5 


This work 

2 

160 

3.818 

139.6 

44.3 

18.3 

“ 1 

Kef. 4. 

3 

160 

3.812 

137.5 

44.9 

19.6 

1.96) 



TABLE TV 

Experimental and the calculated values of the molar enthalpy for 0 

Hjli HjR 

TeK (Calciilabod) (Experimontal)® 
from Set 1 

20 -924.4 -922.0 

40 -872.1 -878.0 

60 -811,7 -819.0 

80 -748.1 -748.1 


(1) Guggenheim it (1960). 
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In order to ascertain the effect of anharmonicity the values of y were obtained 
from eq. (16) by using the experimental value of entropy and the values of a, k 
rm as obtained earlier. The values of the term (1-y cosecA*®/^) at different tern- 
peratures arc shown in column 5 of table II. Once the factor y is known, ejk 
can be calculated from eq. (16) by using the experimental value of V. The values 
of the constants obtained for the six-parameter potential are shown in table 
HI. In order to calculate pVjRT it is necessary to obtain dyjdr and dxjdr. From 
the values of y the corresponding values may be calculated from eq. (14) and eq. 
(16) gives 


rdy/dr [ a(H A) < f 4/^(1 +A)-i-t- 700 A(l-fA)-io] (18) 

From Eqs. (6) and (9) 

r dxjdr = ^*2 (1+A)-'- a(l+A)-Hl+4A-f2A^) 


f 4yffA(l I A) i(l -3A-)- |A*j4 4U.JiSZ^ A(l-fA)-8] ... (19) 


COMPARISON WITH EXPERIMENT 

Sinre experimental entropy values have been utilised for the determination 
of the potential parameters, these cannot be used for the comparison between the 
theory and the experiment. From table IV it may be seen that by considering 
anharmonicity effects the agreement between the experimental and the calculated 
values of molar enthalpy is well within 1% at all temperatures. The experimental 
and the calculated values of the lattice parameter and the lattice volume at p — 0 
are shown in table F. It may be seen that the agreement between experiment 
and thtiory is slightly betttT when anharmonicity is taken into account. In 
the calculated values from set no. 3 the anharmonicity is considered but it is 
assumed too small. However, the most sensitive test for anharmonicity effects 
is the pressure variation of the quantity pVjBT. A convenient way of expressing 
this is the quantity F(o) — F(p), V(p)^ ^{p) being the molar volumes at zero pres- 
sure and p at m\ respectively. The quantity V(p) was calculated from eq. (11) 
by using all the sets of constants given in table II (the anharmonic terms being 
ommitted for sets 2 and 3). The experimental and the calculated values of the 
quantity F(o)— F(jp) are shown in table VI, 
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TABLE V 

Experimental and the calculated values of the lattice distance and 
the molar volume V(o) at 0 




Calculated from 


Experimental** 

TeK 

Sot No. 1 

Sot No. 3 




rm*k 

V em^/mol 

« 

V cm® /mol 


V cm® /mol 

20 

3.767 

22.770 

3,768 

22.820 

3.760 

22.650 

40 

3.778 

22 . 974 

3.784 

23.080 

3.780 

23.005 

60 

3.827 

33.875 

3.810 

23.667 

3.818 

23.706 

80 

3.869 

24.674 

3.850 

24.307 

3.860 

24.500 


« Pollack, (1964). 

= r/ v/2, r being the’ lattice distance. 


TABLE VI 

Experimental and the calculated values of the quantity V(o) — V(p) 
at various pressure and T = 


Pressure 

V 


Calculated from 


Experimental 

Set I 

Set 2 

Set 3 

193.6 

0.23 

0.32 

0.31 

0.20 

387.1 

0.45 

0.63 

0.67 

0.60 

483.1 

0.54 

0.78 

0.72 

0.69 

580.7 

0,63 

0.97 

0.82 

0.71 

967.8 

0 07 

1.33 

1.26 

1.09 


DISCUSSION OF 

RESULTS 


It may be seen from table VI that the agreement between experimental 
and calculated values is much better if anharmonicity is considered (set 1 ), 
For set 3 the agreement is slightly better than set 2, which is probably due to the 
reason that anharmonicity is very slightly taken into account in set 3. Since 
V(o)-—V{p) is most sensitive to the effect of anharmonicity > results show that 
anharmonicity does play a significant role in determining the crystal properties. 
The term (1— 3 / cosec A®a:/2) which is a measure of the effect of anharmonicity 
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show a maximum value around which is in agreement with the temperature 
variation of the Gruncisen parameter y' for argon (Pollack, 1964). The calculated 
values of the quantity F(o) — F(p) is slightly lower than the experimental values 
when anharmonicity is considered whereas if this is neglected the calculated 
values are higher than the experimental values. One reason for the over correc- 
tion for anharmonicity is the approximate equations used for considering anhar- 
monicity and the other reason may be that we have usc'cl the cxperinumtal values 
of the lattice distance in our calculaticwa which means that anharmonicity has 
already been taken into account partially. 

It is relevant here to consider the uncertainty in the anharmonicity effect 
found by us due to the use of the Einstein approximation which does not considoi 
the coupling between the harmonic osciBators. However, it has been shown by 
Zucker (1958) that the Hankel’s modification of the Einstein model (which does 
not include harmonic coupling) gives much better agreement between experiment 
and theory than the Debye approximation (which considers inter-dependence 
of the oscillators, but does not include anharmonic effect). Near 0°K the two 
methods are in very good agreement and difference between them increases as the 
temperature increases (Zucker, 1958). This probably proves that if the constants 
for the intermolecular potential fitted to data at 0''^K then only tlie consideration 
of anharmonicity effects can explain the experimental data satisfactorily. In 
the present paper we have followed a similar procedure and the most of the effects 
obtained by us must be due to anharmonicity. 

Regarding the effect of many body interactions sevcTal observations arc rele- 
vant. In agreement with the calculations performed by Jansen (1903a, 1963b), 
Barker (1964) has observed that for argon non-additive interaction contributes 
about 30% to the heat of sublimation at 0°K. The effect of non-addii ive inter- 
action on entropy is shown by the term {Sc— Sc)!J^ in table IT. It must b(‘ pointed 
out that {Sc — Sa)IIi gives only qualitative magnitudi* of the many body (‘fleet 
on entropy. Since it is not possible to obtain the effect of non-additive interactions 
accurately from theory it is not justified to use solid state properti(‘S even in con- 
junction witli gaseous properties for the determination of intermolecular potentials. 
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ABSTRACT. Field-effect measuremeoits were porfoimed on l-5ocm. n type GaAa 
between and 298°K. The 50 o/h field -effect mobility fi/e was found to be 2.50 ein'-'/volt- 

80 C. at 298'^K and varied as 1/T with temperature with hysteresis effects occurring at low tem- 
peratures. D. 0. fiold-cffoet relaxations could be observed at low t(‘mi>(iraturep only and 
showed pronounced asymmetry. The conductance! minimum could not bo obsorvod but the 
presence of depletion could be inferred. No iiaabiont dependence of the fiedd-effeci was found 
suggesting the presence of trapping states within the flpa(*e charge region. Electron -irradia- 
ted specimens were found t o hfiv<> A*/,— 3500 cni“/volt-8oc, almost o(|ual to tlu! bulk mobility. 

Although there have been a considerable number of investigations on the 
surface properties of group IV semiconductors germanium and silicon, the Ill-V 
compounds which have similar bulk properties have been given comparatively 
little attention. 

Eaton et al (19b2) reported measurements on p type InSh and found 
these surfaces to be p type. The first measurements on tfsAs wore carried out by 
(ferlich (1962) on n type material. He was unable to observe the minimum of the 
conductance in tlic ficld-cffoct curve but from the direction of the change of con- 
ductance concluded that an accumulation layer « xisted on the surface. He esti- 
mated a fast state density of 3.10^'/®'™* '*' 

Pilkuhn (1961) was able to observe the conductance minimum at low fre- 
quencies 0.6-1. Oc/s but not at higher frequencies. The conductance changes 
were very small at the low frequencies corresponding to a field-effect mobility of 
3.6 cm^/volt-sec compared to a value of 14(K) cm‘“/volt-8ec at Ske/s, At low 
frequencies the surface appeared to be very close to the conductance minimum 
and on the majority carrier n type side. Hence a depletion layer condition was 
considered to exist. As the surfaces of n typt' mat erial were found to be insensitive 
to ambient changes the low field-effect mobilities at low frequencies were attri- 
buted to acceptor states not on the surface but within the space-charge region 
trapping the induced charge. P type specimens were found to be essentially 
different in that they were influenced by ambient and there was an absence o s ow 

trapping. 

Flinn and Emmony (1963) and Flinn and Briggs (1964) also found evidence 
for depletion or inversion layer conditions on n type material. The surface 
ductance Tniniirmm could not be located by surface potential and was es ima 
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from measurements of surface photo-voltage. The surfaces were found to be 
sensitive to ambient changes. 

In the experiments reported here the field-effect mobility was measured at 
50 c/s from room temperature, 298'*K, down to 150®K. The effect of d.c. and 
pulsed fields as well as ambient changes were investigated. Finally some experi- 
ments were carried out on elcctron-irradiatod specimens which had additional 
bulk defect levels introduced. 

EXPERIMENTAL TECHNIQUES 

Samples used wore prepared from n type material having bulk resistivities 
of l-5f2 cm at 300^‘K corresponding to carrier concentrations of 12.5-2.5 x lO^^/cm^. 
Difficulty was encountered in making suitable electrical contacts to the specimens, 
best results being obtained using indium pellets etched in HgSO^ which were diffused 
into the GaAs by heating in vacuum at 250'" for 2-3 hours. The surfaces were 
polished with Aloxite and etched in a standard peroxide etch containing 1 part 
by volume of HgOg, 3 parts H 2 SO 4 and 1 part HgO. 

Specimens were placed in a cryostat which could be cooled to ISO'^K. A 
field-electrode of conducting glass was placed above the upper surface of the speci- 
men separated from it by a 30/4 mylar spacer and provision was made foj’ th<‘ 
application of 50 c/s, d.c. and pulsed voltages to the electrode. The tiold-effi^et 
circuit used was described by (1955) Low and is shown in lig. 1 . Modulation of the 





F ss: Field eloctrodo 
M — Mylar spacer 
S = Specimen 


specimen conductance by the applied field, when a constant specimen current 
is passed, gives rise to an output signal voltages which is fed to the vertical plates 
of a high-gain differential input oscilloscope. The horizontal plates are supplied 
by a signal derived from the field voltage and the horizontal deflection is thus 
propoortional to the induced charge on the specimen surface. The slope of the 
field effect curve is therefore proportional to the field-effect mobility : 

Acr 


/Vi = 
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where is the change in surface conductance in mhos j [2 and Act is the 
induced charge in coulombs/cm^. 


RESULTS 


At 298"K the field-effect curve using 50 c/s was a closed line and = 250 
crn^/volt-scc at the field-free point^ compared with a value of 550 cju^/volt-scc. 
found by Flinn and Briggcs (1964) from 50 c/s to 30 kc/s. From tlu*, sign of the 
slope of the field effect curve the surface was found to be n ty})(i on all th(‘ four 
specimens examined, there being no indication of a conductance^ minimum. Hence 
(^valuation of surface potential as for germanium was not possible. No change 
in conductance due to d.c. voltages of J .2 kv. could be dc‘tccU‘d at 300"K suggest- 
ing the presence of a high density of slow surface' states, greater than the 
maximum induced charge density of KP^/em- In contrast with germanium, no 
ambient depend(ince of the 50c/s field-effect could b(‘ dett^cted using water 
vapour and ozone. This suggested that the states responsible' for the slow 
trapping were not situated at the interface, but may be bulk tra])ping states 
within the surface space-charge region as postulatcHl by Pilkuhn. 

As the temperature was lowered tlu' 50c/s hc'ld-c'fhict curve d(*veloped hys- 
teresis loops as showm in fig. 2a. and the lic'kl-t'ffeet mobility as measured by 
the slope, at the field-free point was found to increase as shown in tig. 2b. The 
increase folio wt'd the \jT law' proposed by Ehrenricich for cliang<'s in bulk mobility 


conductance 




3.0 4.0 r >.0 0,0 7.0 
X le ];t k 

Fig. 2b, Varation of /^.fV with temperature 


with temperature and could hereby be explainc'd. At 150°K changos in conduc- 
tance due to applied d.c. fields were evident indicating an increase in the trapping 
time of the slow states. The conductance changes due to d.c. fields exhibit(^d 
assymetry as shown in fig. 3. With positive voltages attracting electrons to the 
surface, the change in conductance was relatively small and the time-constant w as 
50 msec; with negative voltages repelling electrons from the surface the conduc- 
tance change was large and of time-constant 500 msec. 

0 
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Pulsed fields were next applied in order to obtain more information about the 
time-constants of the trapping states. A time-constant of 500 msec, at 160“K 
was found to be present, but a more detailed investigation was not possible dur^ 
to the small magnitude of the signals available. 
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Fig, 3. D. <3. field -oOoct. 


Because of the unavailability of material with low carrier concentrations which 
would provide larger field-effect signals, some additional experiments were carric'd 
out on electron -irradiated GaAs. While studying radiation damage in OaA.s 
Grimshaw and Banbury (1964) had noticed changes in surface conductance in addi- 
tion to bulk changes caused by the introduction of acceptor levels. In the present 
experiment specimens with initial carrier concentration of 8.10^®/cm^ at 300 °K 
showing no measurable field modulation of conductance were irradiated with 
1.0 Mev electrons thus introducing bulk acceptoi- h v(ds 0.2 <'V below the conduc- 
tion band as found from optical absorption measurements by l\^gl('r and Banbury. 
The free electron concentration was thus decreased to Hall effect 

mobilities before and after irradiation were' measured and found to be 4040 and 
3260 cm^/volt-sec respectively, the d(‘crcase being due to increased scattering 
by the acceptor levels introduced. The specimens Mere irradiated alternately 
from each side to achieve a more uniform distribution of damage. A calculation 
of damage rate vs. depth shows that appreciable non-uniformity will remain hou- 
cver as the sample thicknesses were 0.3-0.4 inm. The defect concentration will 
therefore increase towards the surface and this is liable to invalidate barrier 
calculations. The surfaces examined after irradiation were again found to be ri 
type with no indication of a conductance minimum present, but the field -effect 
mobility at room temperature was found to be 3200 em^/volt-sec. an order of magni- 
tude higher than on uniiTadiat(*d specimens, and almost equal to the bulk 
mobility. 


DISCUSSION 

GaAs differs from germanium and silicon in that the intrinsic carrier concen- 
tration at room temperature is every small, lO’/cm^. Since the impurity concen- 
tration is generally <10^^/cm®, minority carriers are virtually nonexistent in the 
bulk. The absence of the conductance minimum in the field-effect may therefore 
be due either to the surface being far from an inversion layer condition or duo to 
an inadequate generation of minority carriers as the surface is swept through the 
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minimum by the induced field. As the diffusion length of minority carriers in 
OaAs is also very small the diffusion of carriers from the bulk to the surface would 
be insufficient to maintain equilibrium. Thus for a rate of inducing positive 
charge large compared to the minority carrier generation rate the effective field- 
effect mobility would be determined by the majority carrier and no conductance 
minimum would be apparent. At a sufficiently low frequency of inducing field 
minority carriers may be generated to maintain equilibrium and the conductance 
minimum would be observable. This would explain the hysteresis effects ob- 
st^rved in the field-efftict curve at low^ temperature and Pilkuhn’s results quali- 
latively. 

Pilikuhn did not attempt a more quantitative analysis of his results. The 
im]X)rtanco of the generation of minority carriers through localised centres can 
be estimated from the following analysis. Neglecting recombination through 
traps and considering band-band transitions alone, it is possible to calculate the 
generation rate of carriers at room temperature. For a carrier concentration 
~ 2.J0*“/cm® Hilsum and Holeman (196(1) found a minority carrier lifetime of 
10~® secs. From this the generation rate of minority carriers is found to be lO’/cm* 
sec. at room temperature. The rate required to maintain equilibrium in Pilkuhn’s 
experiment at 0.6 c/s as calculated from his field-effect curves is much larger 
The large difference shows that generation of minority carriers 
proceeds mainly through localisf^d centres and not by band-band transitions. 
The asymmetrical d.c. field-effect characteristic can likewise be attributed to 
inadequate minority c^arrier generation. When a negative voltage is applied, 
electrons are repelled from the surface and th(^ generation time of holes determines 
the relaxation time-constant. With a positive voltage applied, the electons re- 
quired aio supplied from the bulk at a mmdi faster rate. Thus although the 
field-effect curve shows a n type surface with no sign of the minimum, the hys- 
teresis effects at low' temperature- and the d.c. fitOd-effect arc characteristic of a 
two-carrier process supporting tlu‘- idea that the surface is not in an accumulation 
layer hut in a depletion layer (t(7ndition. 

The large diffcTen(‘e betw^een the field -effect mobility on irradiated and un- 
irradiated specimens is difficult to explain but may be due to loss of negative 
charge from surface states as found by Spear (1958) on germanium surfaces irradi- 
ated by 5Kev-4.5Mev electrons. An increjase in the electron concentration in the 
space charge region would thus occur, which might convert the depletion layer 
initially present into an accumulation layer As the field-effect mobility 
approaches the bulk mobility, a very small density of screening states would have 
to be postulated at the new value of surface potentittl. In view of the difficulty 
in identifying surface states on germanium with states within the space charge 
region postulated in GaAs, it is not possible to go further without more direct 
measurements. 
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IONOSPHERIC ABSORPTION IN THE VLF BAND 

H. BHATTACHARYA 

pHYHTf’S DEPAkTMENT, BoSK INSTITUTE, CaIA UTTA-l). INDIA 
(JieceiveAi March S, 1967) 

ABSTRACT. Jiixpi^iimonts on the propagation of VLF wavos at groat distancoB rovoal 
that there is an absorption band for froquonc^a in the range of 3 kc/s. In the prewml- paper 
an attempt has been made to account for thi$ absorption theoretically. From the expression 
of the rofloction coofticiont of the ionosphere at VLF, the absorption in dB has boon lujmputed. 
The plots of absorption as a function of froquopey for different values of the angle of incideiuH^ 
at the Ionosphere show that when the incidoiit angle is 80^ thiire is a dip in the absorjition 
curve in the 3 kc/s range. This explains th# absorption band that is observiHl in this fre- 
cjiienoy range. 


1 N T R O D U CJ T 1 O N 

Kadio wave propagation at very low frequencies (from 3 to 30 k/s) is charac- 
teriz(‘d by the fact that the ground attenuation is very low and the sky wavers 
are almost totally reflected from the ionosphere^ w hich has a height of the order 
of ()0 to 80 km. [n fact, the VLF weaves which have travelled considerable dis- 
tances act as if theiy were propagated through a wav(‘-guidc formed by the earth 
and the lower edge of the ionosphere. The attenuation under such conditions 
IS that caused by spreading and absorption of the energy by th(‘ ground and the 
ionosphere, Taylor (1960) studied the attenuation rabis for VLP' waves and 
found that lor 6 kc/s the attenuation was about 7 to 9 db/lOOO km and decreased 
to about 1 to 3 db/1000 km at frequencies above 10 kc/s. Wait and Spies (1960) 
could account for these obscTved results theoretically from the point of view 
of modal propagation. 

Despite the fact that the VLF waves propagate to great distances with 
small attenuation their use has benm neglected for many years. Recently, how- 
ever, with the pressing need for kmg-rangi* navigational systems, world-wide 
communication systems and tracking of atmospheric storms and hurricanes, 
the desirable transmission properties of VLF are again being utilized. In view^ 
of the gaining importance* of VLF in long-range communication, systematic 
experiments arc being carried out at Boulder (USA), Slough (UK) and loyokawa 
(Japan) with a nc^twork of receiving stations distributed through respective 
countries to study in detail the propagational characteristics of these waves. 
The results of these experiments show the presence of an absorption, band for 
frequencies of the order of 3 kc/s for long-range propagation. In the present 
paper an attempt is made to explain this absorption band in a very simple way. 
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RESULTS AND DISCUSSION 

For the reflect ion coeflioient of the ionosphere at VLF we write (Bhattacharya 
el al, 1964) 


1 72(w, 0 ) QOS* 

l+(t»r/6)) 003® 0+(2c<)r/to)* cos 0 


( 1 ) 


where 6 is the angle of incidence at the ionosphere and Wr = 4nNe^lm'^, N being 
the electron number density, c the electronic charge in esu, m. the electronic mass 
in grams, v the electron collisional frequency and ta the angular frequency of 
the exploring wave in the VLF band. Our laboratory experiments show the 
average ionospheric reflection height at 86 km. Substituting the value of N 
(~ 10®), V 3-1 6 X 10*), (Ratcliffe, 1960) at this height and also e (= 4-8 x 10-*" 
esu) and e/m (- 6-2 X 10*’) we get w, ^ 10*. From (1 ) we have 20 logio | /((co, 6} \ 
for the ionospheric absorption in decibels for VLF waves. The plots of this 
expression as a function of 6)/27r for different angles of incidence are given in 
figs. 1(a) and 1(b), We observe that for 0 — 80“, that is. for long-range pro- 
pagation their is a dip in the absorption curve in the range of 3 kc/s, corresponding 
to maximum absorption. This is in complete accord with the experimental 
observation. 



10 20 30 

Figs. 1 .(a) and (b) Comes showing absorption vn, frequency for different angles of incidence. 

In developing (1) wc have applied the Fresnel’s reflection coefficient to the 
ionosphere, thereby limiting the ionosphere to a sharply bounded continuum. 
In fact the reflection coefficient is in the form of a aeries (Wait, 1962) of which 
the first term is a Fresnel type and the succeeding terms account for the finite 
thickness of the ionospheric layer. But, in view of the fact that there is a very 
sharp gradient in electron density in the region at a height 60-80 km and also 
that the wavelengths of the VLF waves are much larger than the scale of hori- 
zontal irregularities, our present consideration of ionosphere as a sharply bounded 
continuum is not unjustified. Further, the effect of the earth’s magnetic field 
can also be neglected in view of the obliqueness of the incident rays at the iono- 
sphere. 

It may be pointed out that from (I) we have no knowledge how reflection 
coefficient varies as a function of frequency at grazing incidence. Moreover, it 
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fails to account for the effect of the eartli’s eiii'vaturo which is promine/nt at 
grazing and near-grazing incidence. 
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SEMIEMPERICAL ONE CENTRE AND TWO CENTRE 
ELECTRON REPULSION INTEGRALS 

S. PAHARl AND A. K. KAR 

Dbhartmbnt of Applied ('hemistey, Indian Inhtitltjb op Tbchnologiy, Kharagptjb 

(Received January, 21, 1967) 

ABSTRACT. Ono centre and Two centre electron repulsion integrals wore oalculntcMl 
for the TT-electrons in C-C, 0-0 C-0, N-N, C-N, N-0, 0-Cl. Cl-Cl etc with the help of Bovoral 
equations and the f-orresponding integrals for ethylene, benzene and formaldehyde were 
reported. Fishor-lTjalma* s eciuation (1964) foi* two centre and the equation (0.86E/R-f 7.SC) 
e.Y, where E is the electronegativity of the atom in electron volt in Pauling's scale and R is 
the Slater’s atomi(^ radius, for one centre electron repulsion integral soems to bo the best, 
choice. 

In the last few years Hcmiemperical M.O. theory has achieved considerable' 
success, particularly the metliod of Pariser and Parr (1053) for th(‘ calculation 
of electronic spectre of conjugated systems atid that of Pople (1953) for tin* (uvb 
culation of ionization potential and bond distance etc., of the same typ(» of mob ' 
oules. Several simple modifications of the methods wc*re jiroposed later viith 
a view to better correlating the data. 

Any such method require the evaluation of a number of electrons repulsion 
integrals e.g., 


f [V(1)V(1) xs(2)zs{2)6T,ST,^(p\qrs) (1) 

j j 

where «« etc. are atomic orbitals. 

Extract evaluation using Slaters, a, o’s were carried out (Parr et. al, 
1950), but the results in predicting molecular parameters were not encouraging, 
leaving apart the tedious calculations. That is the reason of use semi-empierica) 
parameters and introducing the idea of zero differential overlap, the required 
integrals are reduced to the evaluation of {pp | pp) [2 electron 1 centre] and (pp j V9) 
[2 electron 2 centre] only. 

Here we have defined as usual : 

(pp\pp)=- Ip-Ep ... (2) 

where Ip and Ep are valence state ionization potential and electron afiinity of 
an atom respectively. The data of Pritchard and Skinner (1964-56) and L. Oleari 
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et al (1966) are used. For many atoms and data are not available, so from 
a plot of (fig. 1),\{PP PP) vs Elr a linear relation is obtained (where E is the 
electronegativity in Paulings scale and r is the Slaters atomic radius (Slater 1963) : 

(PP \PP) = 0-8642 Elr+ 7-86 (3) 

which can be used to calculate (pp\xtp) of any atom. 

{pp\qq) is calculated in one set for r > 2-80 a" (hard sphere model of Parr 
1952) by : 



E/T-> Electronegativity Slater’s Radius. 
Pig. 1. 


{[,^( 


( 4 ) 


where Rp — 


4.697 

Z 


X 10“® cm and Zp — Slater’s effective nuclear charge 


(6) 


For the distances less than 2-80a° (pp\qq) is expressed as 

or+6r* = J[(PPlPP)+(99l99)]-(l»Pk9) - (6) 

a and b are evaluated for a set by solving equation (6) for r = 2-80 a° and 3-70 a° . 
In this way {pp | qq) intergrals are evaluated for C-C, C-0, 0-0, N-N, C-N, N-0 
etc. and are expressed as a function of r (table 1). 

(pp I ?S) ftlso evaluated in another set by using an equation almost like 
Fisher* Hjalmars (1965) where (pp | qq) is defined by equation (4) for r ^ 2-794 a° 
and for r < 2-794 a°. 

(pp\qq) = ^[(pp\pp)+(qq\9^)]+^^^+(^'('^^ 

b, and c are evaluated for C-C, C-0, C-N, C-Cl etc. from equation (4) for 
r — 2-794, 3-7 and 3-4 0 °. The results are listed in table 1. 

The corresponding values by the two methods are calculated for ethylene, 
for-maldehyde, benzene and are shown in table II. 

10 
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Fisher-Hjalmars equation (1964) for (jpplqq) : 

{pp I qq) = |(/f^-f-/^(^)[ 8 - 7542 -l- 4005 p+ 0 - 16724 /> 2 -~- 0 - 00961 p 3 ] (H) 

where n = i? 

' 2 

is a very general one and integrals for the distances in benzene, ethylene and 
formaldehyde arc also calculated with the help of this equation and are listed 
for comparison. 


TABLE I 

(PP 1 77) ^ ^ ^*80 and 2-794 a"" 


Column A represents a and h of eqn. (6) for r < 2-80 a*" and column B represents 
a, b and c of eqn. (7) (modified Fisher-Hjalmar’s eqn.) for r < 2*794 a°. For r 
grater than these distances (pp\qq) is given by eqn. (4). 


pp\n ■[(p^>k3) 

for bond +(PP|3S')]«-o- 

Column A 


Column B 


a 

h 

a 

b 

c 

c— c 

11.081 

0.1167 

— 2.337 

— 1.734 

0.4669 

— 0.03716 

0 

1 

o 

14.621 

0.486 

— 4.63 

— 3.8249 

1.3221 

— 0.1343 

0— o 

12.80‘ 

0.2982 

— 3.486 

— 2.047 

+ 0.4358 

— 0.01529 

N— N 

1 

ri2.98» 

(_12.74» 

-F 0.3203 
0.2972 

— 3.6142 
-3.464 

— 2.8617 

0.9226 

— 0.08825 

C— N 1 

'12.02> 

L11.91® 

0.2172 

0.2066 

— 2.9687 
-2.8991 

— 2.2929 

0.6926 

-0.06257 

1 

O 

r 13.751 
Li3.682 

0.4041 

0.3876 

-4.1363 
— 4.0294 

-3.3424 

1.1218 

— 0.1112 

Cl — Cl I 

rii.301 

[11.27^ 

0.1998 

0.1919 

— 2.7264 

— 2.7076 

— 

•— 

— 

C-Cl j 

’11.191 

^ 11.752 

0.1399 

0.1384 

— 2.4666 

— 2.4661 

— 1.8612 

0.5097 

— 0.041006 

F— F 1 

"16.701 

^ 17.332 

0.7037 

0.7663 

— 6.0474 
-6.4473 

— 

— 

— 

C- F j 

'13.891 

^14.2062 

0.4102 

0.4406 

— 4.1941 

— 4.3917 

— 1.7279 

0.8243 

—0.1134 

S s 

10 . 8 P 

0.1408 

-2.377 

— 

— 

— 

c— s 

10.9451 

0.1291 

— 2.366 

— 1.7230 

0.4618 

— 0.036 

S — 0 

12.6661 

0.3145 

— 3.619 


— 

— 


^ Data of L. Oleari et al., (1966). 

^ Data of Pritchard and Skinner (1963). 



Semiemperical one Centre and t o Centre Electron^ etc. 707 

TABLE II 


Subs. 

Integrals 

Distance 
in a® 

Using 
eqn. 0 

Using 
eqn, 7 

Using 
oqn. 8 "^ 

C 2 H 4 

( 11 / 11 ) ov 

( 11 / 22 ) (3v 

0 

1.337 

11.08 

8.16.36 

11.08 

8.9776 

11.08 

7.1926 

CHjO 

(11/11)C 0V 

( 11 / 11)0 ev 

(11/22)C=0 ov 

0 

0 

1.210 

11.08 

14.52 

8.1462 

11.08 

14.52 

9.6823 

11.08 

14.62 

9.7149 

Benzene 

( 11 / 11 ) ov 

( 11 / 22 ) ov 

(11/.33) ov 

(11/44) ev 

0 

1.397 

2.42 

2.794 

11.08 

8.043 

6.088 

5.462 

11.08 

8. 8273 

6.26078 

5.4236 

11.08 

7.9377 

5.61760 

4,6162 


+ ft. Values are taken from Miillikcn, al., (1949). 


As it is evident from Tablc-II, the values for (pplqq) obtained by equation 
(7) are comparatively higher, while those obtained by the use of equation (8) 
are comparatively lower for hydrocarbons. However, the reverse is the case 
for hetoromolecules with equation (8) in comparison to those of equation (6) or 
equation (7). Thus although the results obtained by equation (8) are not exactly 
identical, but are in the expected order a,s seen from Parriser and Parr (Loc.cit). 

Therefore, apparently equation (3) for {ppjqq) and equation (8) for {ppjqq) 
seems to be the simplest and the best choice. 

The authors are grateful to Prof. S. K. Bliadacharyya, Hoad of the Depart- 
ment of Applied Chemistry, I.I.T., Kharagpur for his constrant encouragement 
throughout the course of the work and are highly thankful to Miss J. Ghosh and 
Miss P. Mahanty of the same Department for their kind cooperation. 
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H.M.O. CALCULATIONS ON TETRABENZONAPHTHALENE 

A. B. SANNIGRAHIK,* A. K. KAR and S. PAHARl 

Defabtmxmt of Appued Chemistby, 

Indian Institute of Technology, 

Khabaopub, India. 

(Received September 19, 1966 ; 

RemhmiUed April 26, 1967) 

Tetrabenzonaphthalene (fig. I) has been reported (Lang, et. al, 1961) to be 
a product of pyrolysis of fluorenc. Recently it (Lewis, et ed, 1963) has been 
identified as one of the rearrangement products of 9—9' bifluorenylidine at 460‘’(7. 
This compound is thermally stable, alternant hydrocarbon. The ultravilct 
spectra of this compound was observed (Lewis et al, 1963) at 350m/< for the longest 
wave length n-* n transition. 



The object of the present investigation is to make M.O. calculations on this 
molecule to see what information can be obtained about this molecule theoretically. 

The method of calculation is well-known (Basu, 1954). Tetrabenzonaphthalene 
I belongs to the point group D^. Eliminating the plane of molecules which 
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transforms all the atomic orbitals in the same way, it is sufficient to consider 
the symmetry group Ca for molecule. The various M.O. species corresponding 
to different representations has been point out. 

The secular equations obtained after expanding the secular determinants 
corresponding to different M.O. species were solved for the energy values by IBM 
1620. The charge densities q bond order p and free valence index F wore 
calculated from the coefficients and is given in table 1. 

The 7r-> n logest wave length transition is calculated from the difference of 
energy between highest occupied level to lowest unoccupied level. The above 
transition is from to involving energy of the amount 1.0229/?. 

TABLE 1 

Charge densities, bond order and free valence index at different 


positions. 

Charge densities 

Qi 

Bond ordoi. 

Free valonoc 
index 

Fr 

.90993 

pi2= -62909 

.40290 

q2= .99924 

Pi3= .69401 

Fj= .40895 

q3= 1.00001 

P34=^ .69666 

Fa^ .44138 

q4'- 1.00003 

P4B= .560787 

F,- ,14087 

q5= 1 .00000 

P66= .58972 

F5= .13281 

q6= 1.00002 

Pi6= .70006 

Fo= .44227 

q7= 1.00008 

P67=:: .458746 

F7= .18383 


P44= .44375 



P77=^ .63074 



Using the equation (Streitweiser, 1961) 

v(cm-i) = (19020-330)Am+(10620-340) ... (7) 

where Am = 1.0229, the calculated value of ^mox f®*' P band is found to be 
341m/(. The observed value is 360m/<. 

Symmetrical fusion of 4 benzene rings to the naphthalene nucleus offers 
some interesting modifications in the bond length of the parent hydrocarbon. 
In the resulting hydrocarbon the original 9-10 bond of the naphthalene has 
shortened further owing to the fusion of benzene rings as it is evident from the 
following M.O. diagram (fig. 2) of naphthalene (Coulson et al, 1966). 

Pi2 == .72456 P9_io = -61823 Fi— -46279 
Pta = .60317 Fa = -40432 

Paa = .6647 F,a = -10442 
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In case of naphthalene, Ff is the highest in position I and for tetrabenzo- 
iiaphthalene it is in position (6) and (3). It has been pointed out that self atom 
polarizability values nrr runs almost parallel to the Fr value (although no linear 



Fig. 2 


8 


Fig. 3 



relationsWp between them exists). The position of highest Fr is thus the most 
reactive position for the substitution reaction (niicleophillic or electrophilic 
attack). Thus position (6) is the most reactive position in tctrahenzonaphthalcno. 

In phenanthrcn(‘ the positions of highest reactivity are positions 11 and 12 

Pii-12 == 0.63074 

in this sense (Fr = 0.45147). The next reactive position is 14{Fr — 0.45011) 
and next to it is position 3{Fr ~ .44062). Tetrabenzonaphthalenc results by the 
fussion of two phenantlanme rings. Naturally no substitution can take place 
in 11 and 12 positions. But the order of reactivity in other positions remain the 
same. 

If HX or X 2 , where X is a monovalent radical, addition takes place, the bond 
with highest bond order is expected to be attacked first. Here it is 1 to 6 bond 
in tetrabenzonaphthalenc. Comparing other cases also it may be said that in one 
of the two bonds near the atom of highest Fr, the ease of addition will be maximuin. 

The total zr-energy of the system Tetrabenzonapthaleno is 36.7891/?. Hence, 
10.7891/? is the delocalisation energy of the Tr-electrons in this net work. Thus 
the annealation energy (Brown, 1950) A of this system formed by fusing symme- 
trically 4-benzene rings into a naphthalene ring is (11.683—10.789)/? == .8937/?. 
Using the equation — 

A = (2.1633v'P«Pfc-1.73261)y? - (») 

where A — annelation energy and P„ and P/, are the bond orders at the position 
of fusions, and taking P„ for benzene to be .667 and Pj, for 1-2 bond in naph- 
thalene to be.726 we get A = .9436/?. The agreement is quite satisfactory. 
The equation was first proposed to consider the fusion of two systems. But, 
however, if Tetrabenzonaphthalenc is formed by fusion of 2-phenanthrene rings, 
A from the equation comes to be .0646;? whereas from difference of theoretical 
D.E. it is .1076/?. 
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BOOK REVIEWS 


SELECTED READINGS IN PHYSICS : THE CONTRIBUTIONS OF FARADAY AND 
MAXWELL TO ELECTRICAL SCIENCE, by R. A. R. Trioker, pp. 289, price 
26 sh. net. Pergajnon Press. 

As will bo evident from the title of the book, its scope is limited only to colateral con- 
tributions of Faraday and Maxwell towards the development of the theory of electro-magne- 
tism. Naturally, we got only a onesided view of the groat experimental genius of Faraday 
and finish somewhat discontented. The treatment, with the introductory comments by the 
author explaining whore Faraday ended by laying the foundations and Meixwell took up 
completing the grand mathematical superstructure, of the electromagnetic theory, is, how- 
ever BO refreshing that one may soon forgive the author for not writing more extensively on 
Faraday alone. Since the original works of Faraday and Maxwell are available to so few 
of us, the present book will be invaluable in getting first band information on these; while 
the critical estimates by the author of the limitations of the theory involving the concept of 
an electro -magnetic ether, is no less valuable to the students. 

A,B, 


WAVES AND OSCILLATIONS— by R. A. Waldron. D. Van Nostrand Co., Inc., 1964. 

pp. vii+136. 

The book is an interesting introduction to the phenomena of waves and osoillationa. 
The author touches upon the elementary conce|)ts at the outset and moves on to discuss 
the following topics : reflection and refraction, resonance, interference and diffraction, guided 
waves and topics in network theory. 

The book presents, in a lucid manner, the basic proportic^s of waves and their propaga- 
tion characteristics. However, the subject of wave propagation in a magnetooctivo medium 
has unfortunately been omitted. The book incorporates quite a few equations of wave 
mathematics, but Maxwell’s equations are conspicuous by their absence. 

Although the major emphasis is on the basic physics, some of the suitable points involved 
have also been well elucidated in a semi -sophisticated way; for example, the behaviour of 
metals to different waves (pp. 28-31), the formation of a backward wave in a periodic struc- 
ture (p. 90), the principle of operation of a helix guide and the problems of microwave com- 
munication (pp. 96-96). 

The most interesting feature in the book is the exposition of the underlying similarity 
between certain phenomena associated with different types of waves. One may point out 
here the analogy drawn between the Fabry -Perot interferometer and a high-Q cavity resonator 
(p. 71) and that between the diffraction by a slit and the response of a network via the Fourier 
transform (p. 117). The reference to the mammalian ear (pp. 108-109) and the human retinal 
cone (pp. 109-111) in connection with the matching of transmission lines and guided -wave 
type of propagation is worth mentioning. 

Ad added attraction of the book is the information it carries on a few themes of current 
interest, such as ‘the longest electromagnetic waves’ (p. 21), ‘infrared and optical masers’ 
(p. 62), ‘optical waveguides’ (p. 107) and ^mechanical filters* (p. 124). 

The book may be recommended to college and university students as well as new research 
workers in physios, who will find in it a stimulus for further study. 

J.B. 
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VISCOSITY OF POLAR-NONPOLAR GAS MIXTURES 

ARUN K. PAL AND A. K. BARUA 

Indian Association fob thb OdltiIfation of Scibncb. Calcdtta-32, India 
{Received May 31, 1967) 

ABSTRACT. Viscosity of ammonia-uitjogon and sulphur dioxide-hydrogen gas mixtures 
has been measured over a temperature range firom 30" to 200"r and at pressures below 10 om. 
Hg. by using a precision osoiUating disc visootoeter. The results have been utilised to obtain 
informations on unlike interactions and also ibo generate inter-diffusion coefficients of these 
RVBtemB. 

I N T K O R U e T F t) N 

It has been shown by a number of workers (Weissman rt a1. 1962; Weissman, 
1964; Srivastava, 1961 and Hirschfelder ei (d. 1960) that on the basis of the 
Chapman- Enskog theory it is possible to detcrmint' unlike interactions from 
viscosity of gas mixtures. The combination rules generally used to calculate 
unlike interactions (Hirschfelder et (d. 1954) being uncertain, only information 
obtained from experimental data are reliable. Viscosity, to the first approxima- 
tion, is not affected significantly by inelastic collisions (Monchick ei cd, 1963). 
Thus, this property can be used with confidiuico for obtaining information on 
the spherical part of the intorinolecular polential of polyatomic gases as well. 

In this paper we have reported the results of our measurements of the viscosity 
of the polar-nonpolar gas mixtures, ammonia-nitrogen and sulphur dioxide- 
hydrogen over a temperature range from 30“— 200‘’C and at pressures below 10 cm. 
Hg. Attempts have been maile to derive information on unlike interactions 
from those data. 


EXPERIMENTAL 

The precision all-metal oscillating-disc viscometer together with its acces- 
sories used in our measurements lias been described in detail in earlier papers 
(Kestin et td, 1969; Kestin et al, 1963: Pal et al, 1967a and Pal ei al. 1967b). 
The working formulae and method of preparation of gas mixtures have also 
been described (Pal ei al, 1967a, 1967b). 

The gases ammonia and sulphur dioxide were picpared by standard labora- 
tory procedures (Pal et al, 1967a). Hydrogen and Nitrogen used for calibration 
were supplied by the Indian Oxygen Co., Ltd. (purity 99.95%). The overall 
accuracy of our viscosity data for the mixtures should be within 1 %. The visco- 
sity data obtained by us are given in tables I and II. It may be mentioned here 
that for pure ammonia the viscosity values obtained by us are on the average 2% 
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lower than those reported earlier (Pal ei al, 1967a). Mass spectrometric analysis 
showed that the previously used ammonia gas contained small percentage of air 
as impurity which can easily explain the discrepancy. However, the general 
conclusions drawn (Pal et aly 1967a) regarding ammonia n^main unaltered. With 
the present data for ammonia the agreement with the earlier data (Carmichaels 
et aly 1963 and Iwasaki et aly 1964) become excellent (within 1%) over the whole 
temperature range. 

The only previous data for the systems ammonia-nitrogen and sulphur dio- 
xide-hydrogen are those of Trautz et al, (1931). As the experimental temperatures 
are different it is not possible to compare our experimental data with the earlier 
ones. However, in the range whert^ comparison is possible by interpolation the 
agreement of our data with those of Trautz et aly (1931) is within 2% which should 
be considered as satisfactory in view of the uncertainties in the earlier experi- 
mental methods 


COMPARISON WITH THEORY 

The viscosity of a binary gas mixture can be expressed as (Hirschfelder et al, 
1954), 






( 1 ) 


where 




Vi Vl2 V2 


T « ^A* I?lV -*^1 1 - 1 - 2*1*2/ {Mi+Mjf W ?12*] . V / ^2 \ \ 
’ 5 \ V 2 ^ nviVt' V2 ^ 


where 0 ?^, X 2 are the mole fractious of the components 1 and 2, Mi, M 2 being the 

2M M 

corresponding masses. 7/^2 viscosity of a hypothetical gas of raassjj 

and A^i 2 ®' ratio of collision integrals which is a very slowly varying function 
of temperature. 

It is possible to represent polar-nonpolar interaction as interaction between 
two nonpolar molecules. Consequently, wc have used Lennard-Jones (12:6) 
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potential for our oaloulations. The combination rules for polar-nonpolar inter- 
aotionB can be written as (Hirschfelder et al, 1964), 

^nj) = ... (2a) 

®*i|» = V«n6» ... (2b) 

where the subscript n and p stand foi n<mpolar and polar component respectively, 
f is given by 

5= ... (3) 

where a„ is the polarizability of the nonpolar molecule in cubic angstroms. The 
force parameters for the nonpolar gases were taken as those determined from 
viscosity data (Hirschfelder ef nl. 1954) and for the polar components the values 
of ffpand Cp as obtained on the 12-6-3 model (Monchick et, al, 1961) were used. 
The values of tinux »t different temperatures as obtained from eqn. (1) are shown in 
column 4 of Tables T and IT. It may be seen that the agreement between the ex- 
perimental and the calculated values of is excellent (within 1%). 

Recentl.v, Chakrabort,v and Gray (1966) have measured the viscosity of a 
number of polar-nonpolar gas mixtures over the temperature range from 26*0 
to 80®C. They found that for those systems generally the agreement between 
the experimental and the calculated values of to be not quite satisfactory. 
Tt is difficult to say whether this discrepanev is due to some particular feature of 
the systems studied or due to experimental uncertainties. 

UNLIKE INTERACTION FROM MIXTURE VISCOSITY 

DATA 

It has been shown by a number of workers (Weissman 9t al, 1902; Weissman 
1904, and Srivastava, 1961) that it is possible to determine unlike interactions 
from viscosity of gas mixture.s. Eqn. (1) can be solved for in the following 
manner (Srivastava, 1961) 




-b± 

2a 


where 



... ( 4 ) 
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TABLE 1 

Viscosity and inter-diffusion coefficient of NHj-Nj gas mixtures at 

different temperatures 



mole fpac- 

TJX 10’' 

X 10*^ (9^12) (p^ia) 

T‘»C 

tion of NH3 

(gem ^seo 

(g.cm“^B©o 

(om*8©c“ 

(cm*90c~' 


1.0000 

102.81 

— 




0.7964 

119.44 

120.46 




0.6709 

136.17 




14 

0.6027 

141.60 

142.21 

0.210 

0.217 


0.4020 

148.61 

— 




0.2007 

167.86 

165.21 




0.0000 

176.06 

— 




1 . 0000 

113.72 

— 




0.7700 

136.40 

134.89 




0.687C 

161.71 

— 



64 

0.6021 

158.06 

167.61 

0.267 

0.260 


0.4003 

167.03 

— 




0.2007 

179.37 

179.42 




0.0000 

191.30 

— 




1 . 0000 

130.76 

— 




0.7700 

164.96 

164.62 




0.6876 

170.10 




100 

0.6021 

177.34 

177.26 

0.288 

o.sss 


0.4003 

186.08 

- 




0,2007 

198.92 

198.81 




0.0000 

210.10 

— 




1.0000 

149.28 

— 




0.7603 

176.11 

175.02 




0.6920 

190.03 

— 



160 

0.4928 

179.01 

198.21 

0.412 

0.418 


0.3986 

203.75 

— 




0.2252 

216.72 

217.80 




0.0000 

230.6 

— 




1.0000 

167.98 

— 




0.7603 

196.72 

197.70 




0.6920 

207.85 

— 



too 

0.4928 

216.20 

217.91 

0.607 

0.510 


0.3986 

222.11 

— 




0.2252 

236.26 

238.52 




0.0000 

262.26 
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TABLE II 

Viscosity and inter-diffusion data of gas inixtuiv at different 

temperatures 



mole frcbc- 

TlXlO*^ 

‘firntx X 10*^ 


ip^iu) 

T^C 

tion of SO 2 

(gm.cm*^ 

(gm.cm 

(cm*.8oc~^ 

) (cm^.sec“*) 



sec'^) 

.sec“^) 




1.0000 

133.01 






0.8210 

134.46 

136.40 




0.5967 

136.01 

— 



30 

0.4919 

136.76 

140.71 

0.600 

0.610 


0.4069 

137.01 

— ' 




0.2006 

136.41 

139.33 

— 



0.0000 

90.00 





1.0000 

144.02 





0.7866 

145.46 

148.42 




0,6976 

147.21 




55 

0.4863 

148.46 

1.50 06 

0.706 

0.701 


0.4000 

148.01 

..... 




0.2006 

147.12 

149.76 




0.0000 

95.60 

— 




1 , 0000 

168.90 

— 




0.7866 

168.06 

172.62 




0.6976 

167.95 




100 

0.4863 

166.91 

174.83 

0.ft«4 

0.876 


0,4000 

166.96 

— 




0.2006 

162.89 

167.31 




0.0000 

104.70 

- ' 




1.0000 

192.20 

— 




0.8110 

192.03 

196.24 




0.6024 

192.60 

— * 



150 

0.6023 

192.62 

198.48 

1.106 

1.085 


0.4018 

192.63 

- 




0.2000 

177.88 

186.00 




0.0000 

116.60 

— 




1 . 0000 

211.60 





0.8110 

214.11 

214.23 




0.6024 

214.99 

-- 



300 

0.6023 

216.40 

216.21 

i.iio 

1 . 305 


0.4018 

213.37 

— 




0.2000 

194.72 

200.30 




0.0000 

122.60 

— 
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C -- 2*1*4 Vmh 

It is possible to (letenniiio tlie unlike interaction parameters, and e,,! 
from the temperature dependence of //u. can also be used to generate 
from the relation (Hirschfelder et al, 1954), 

(‘1 

p being the pressure in atmosphere. By substituting the values of *4 ♦ as obtained 
by using force parameters calculated from the combination rules pDi^ values can 
be obtainf*d. It may be pointed out that this calculation of is equivalent to 
obtaining unlike interaction parameters. It is possible to measure the viscosity 
of gas mixtures much more precisely than the diffusion coefficients. Consequently, 
this method of obtaining i)i 2 from the mixture viscosity data should be inort' 
reliable than the actual measurements of this property by the existing techniques. 

In column 6 of tables 1 and Tl are also shown the calculated values of 
on the Chapman- Enskog theory by using the combination rules givi'ii in eqns. 
(2a) and (2b). It may be seen thal the agreement bed-woen the values of Dy, 
thus obtained with those calculated from the mixture viscosity data is excellent . 
This probably shows the usefulness of the combination rules inspite of their 
semi-empirical nature. 
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THERMAL DIFFUSION IN MONATOMIC-POLYATOMIC 

GAS MIXTURES 

S. K. DEB 

IWDIAX Asso('1atiov for the Cultivation of SriBNOR, (’ALt tTTTA-»J 
(Received Mctff 31, 1967) 

ABSTRACT. Thermal diffusion factor* of the systems Ha-Xe. Co.-Kr and COj-Xo 
have been measured by the two-bulb method over the temperature ran^e from :t.?0''-600°K. 
The results have been interpreted in terms of thh Chapman-Enskog theory as well as the recent 
theory taking into consideration the effect of iiielastio oollisiot.s on thermal diffusion pheiio- 
men a. 


INTRO DHOTI ON 

Recent theoretical work shows the necessity of considering the effect of inelastic 
collisions on thermal diffusion factor in jiolyatoniic gases. The Chapman-Enskog 
theory (Chapman ct a/, 1952) takes into consideration r)nly th(‘ spherical part of 
the interrnolocular potential and can be applied to polyatomic gases for properties 
which are not significantly affected by inelastic collisions. Schirdewahn, Klemm 
and Waldmann (1961) suggested a semi-empirical method for obtaining the effects 
of rotational degrees of freedom on thermal diffusion which is only applicable to 
isotopes. Subseqmmtly, a more generalised approacli to tlie problem) has been 
given by Monchick, Yun and Mason (1963) and Monchick, Mtmn and Mason 
(1966). These theoretical treatments have been found not to be quite successful 
in interpreting existing thermal diffusion data on polyatomic gases. Another 
major factor which is hindering a proper explanation of th<Tmal diffusion factors 
in polyatomic gas(*s is the scarcity of reliable experimental data. Consequently, 
it is essential to have precise measurements of thermal diffusion factors in poly- 
atomic gas mixtures. As a starting point it is preferable to study binary systems 
leaving one component as polyatomic. With this (md in view, we hav(' measured 
the temperature dependence of thermal diffusion factor of th(^ systcuns Hj-Xe, 
COj-Kr and C02-Xe in the range from 330^K to 600'^K by the two bulb method. 
The systems have the interesting feature that carbon dioxid(' in contrast to 
hydrogen is expected to show’ the effect of inelastic (jollisions on thermal 
diffusion quite prominently, 

EXPERIMENTAL 

The all-metal two-bulb apparatus together with the acces8ori(‘s for the 
^^Jcasurement of thermal diffusion factor has been described in detail by Deb 
»nd Barua (1967). The monatomic gases were supplied by the British Oxygen 

719 



720 


S. K. Deh 


Co., Ltd., and hydrogen gas (purity 99.95%) by Indian Oxygen Co., Ltd.. Carbon 
dioxide was prepared by heating BaCOg with PbClg and the purity of the gas was 
tested in a mass spectrometer (Associated Electrical Industries, MSS model). The 
temperature was assigned according to the following formula, (Brown, 1940). 


Th-Tc 



( 1 ) 


when,' Tb and Tc are the temperatures of the uppei’ and the lower bulb respectively. 
The separation factor q can be calculated from the relation, 


q = — 12 ) 

(xjx^) Bottom 

where and x^ are the compositions of the lighter and the heavier molecules ren- 
pectively. Thermal diffusion factor a can be calculated from the relation. 


In q 

" In TbIT, 


(^) 


The experimental procedure has already been described in an earlier paper(Del> 
el al, 1967). The analysis ol’ the samples aft(‘r steady state has been reached was 
done by a mass spectrometer. The results of our measuremf'nts are shovji in 
table 1 and figs. 1-3. 


C O M P A R 1 S () N W 11' H R A R L 1 K K DATA 

Heymann and Kistemaker (1959) obtained the thermal diffusion factor for 
the system Hg-Xe by the two bulb method with Xe in trace. Their experimental 
values were higher than th<' theoretical thermal diffusion factor by 5 to lO^o. 
Since in our experiment, the composition of Xe is far from trace, no direct compari- 
son with their data is possible. However, our experimental values are also higher 
than the predicted values. 

Cozens and Grew (1964) obtained the thermal diffusion factor foi‘ the mixture 
COjj-Kr and COg-Xe in the tempt^ature range 150‘^K to lOOO^K, using one of 
the components in trace concentration. However, for these mixtures also, the 
compositions of the components in our experiments do not correspond to those 
of Cozens and Grew' and hence no direct comparison is possible. Our experimental 
values are higher than those calculated on the L-J (12:6) model. One of the pos- 
sible explanations should be the fact that the first approximation to the theoretical 
thermal diffusion factor may be considerably lower than the exact value. A* 
had been pointed out by Mason (1957), error in the first approximation of thermal 
diffusion factor is much greater than for the other transport coefficients. The 
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gr^neral formulae given for higher approximations are very complicated and have 
bo(3n calculated by Mason (1957) and SaxenaefaJ, (1958) only for mixtures con- 
taining one component in trace. 

INTERPRETATION OP T H O A T A 

The thermal diffusion factor a can be represented on the Chapman- Cowling 
first approximation as (Hirschfclder, et al. 1964), 

a = 5) (4) 

wlici'i' ^ ratio of collision integrals and A is a function of masses, niolefrac- 

tioiis and potential parameters. For polyatomic gas mixturtvs flu* convergeiK;e of 
X is not known satisfactorily. Consequtotly, we shall confine^ our calculation 
of a to the first approximation. For the calculation of a the L(?nnard- J ones (12:6) 
j)ot.ential has been used. The forces constants taken weie those determined from 
(‘xperimental viscosity data and tlu* unlik(‘ interactions were approximated by 
the usual combination rul(?8. The calculated values of a thus obtained from cq. 
(4) are shown in figs. 1-3 together with the exjxuimental values of a. 


TABLE I 

Experimental values of thermal diffusion factors 


H2.Xe(H2 

- 1».0%) 

<;02-Kr(C0a 

-- 37.5%) CO 

a-Xe(C 03 

= 47.0%) 

T 

a 

T 

a 

f 

a 

337 

0.31 

350 

0.17 

383 

0.23 


0.34 

390 

O.IS 

421 

0,24 

468 

0.36 

438 

0.19 

469 

0.27 

534 

0.38 

471 

0.20 

520 

0.30 



529 

0.21 

566 

0.33 



572 

0.21 

601 

0.36 



611 

0.21 





Pig 1. Experimental and theoretical curves for the thermal diffusion factor a of the system 
Hj-Xe. 

[1] Experimental 

[2] Lennard- Jones (12 : d) 

0 Experimental points 
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As discussed earlier eq. (4) does not include the effect of inelastic collisions 
In order to take this factor into account Monchick, Munn and Mason (1966) hav<‘ 
recently given a treatment by solving the generalised Maxwell-Stefan equation. 
This theory has been found not to bo quite successful in interpreting the existing 
thermal diffusion factor data for polyatomic gas mixtures (Monchick etal, 1900 
and Ghosh et al, 1967). Consequently, we have tested this theory only for tho 
COg-Xe system for which deviation from the Chapman-Enskog theory is maxi- 
mum. According to this method the thermal diffusion factor can be written to 
the first approximation as, 


a,. ^ A, \ 

5k ^ ■ \XiMi XiMj 


(5) 


where /lij is the reduced mass of the system. Ai the diffusion coefficient, A s 
represent the thermal conductivities and x’s the mole fractions. By making some 
approximations A can be expressed as (Monchick et al, 1966), 




(«) 


0.40 
0.30 

0.20 
0.10 
O 0 

360 460 560 650 

Fig. 2. Experimental and theoretical curves for the thermal diffusion factor a of the syfitem 
COa-Kr. 

[1] Experimental 

[2] Lennard- Jones (12:6) 

[3] Lennard- Jones (12:6) using experimental thermal conductivity values ofCOa 
0 Experimental points 



where 






6fq' 

0 




(7) 


The expressions for and AaCj® have been given in detail by 

Monchick et cd., 1965). The terms involve cross-relaxation times. Th® 

molecular parameters required for the calculation of A were chosen in the manner 
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similar to that described by Monchiok et al. (1966). The result thus obtained 
is shown in fig. 3. 



Fig. 3. Experimental and theoretical curves for the thermal diffusion factor a of the system 

COa-Xe. 

[1] Experimental 

[2] Lennard- Jones (12:6) 

[3] Lennard-Jones (12:6) using experimental thermal conductivity values of COg. 

[4 1 Theoretical values calculated according to the formula of Monchick, (1966) 

0 Experimental points 

It may be soon that the consideration of the inedastic effects by the method of 
Monchick et al, (1966) makes the agreement between theory and experiment worse 
than that obtained by using Chapman-Enskog theory. At present it is difficult 
to ascribe definitely the reason for this apparently anomalous result. It may, 
howev(T, be due to the basic limitation of the Maxwcll-Rtefan equation or due to 
the number of approximations made in the evaluation of a from cq. (5). 

It is also possible to express a on the Chapman-Enskog theory in terms of 
thermal conductivity. Thermal diffusion is dependent on the thermal conducti- 
vity of the components, which is also affected significantly by inelastic collisions. 
Therefore a tentative way of taking into accounts effects of inelastic collisions 
(at least partially) on thermal diffusion is to use experimental thermal conducti- 
vities in eq. (1) to calculate a. The results thus obtained for COg-Kr and COg-Xe 
systems by using experimental thermal conductivity data for COg are shown 
in figs. 2 and 3. It may be seen that the agreement thus obtained is better than 
that obtained by all other methods. 

The results obtained above show the inadequacy of our present knowledge 
of thermal diffusion phenomena in polyatomic gas mixtures. A more sophisti- 
cated theory to take into account effects of inelastic collisions on thermal diffusion 
IS necessary. 
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ABSTRACT. Tho dielectric loss due to absorption of microwaves of frequency 3S.8 
IvMc/s in dilute solutions of anisoles and some substituted anisoles in a number of non -polar 
solvents at different temperatures (T) have been investigated. Tt has been found that under 
the assumption of a single relaxation time (t) the plots of log (tT) against 1 jT for tho solutions 
of o-ohloro- o-bromo-, o-nitro- and p-chloroani.solos in paraflin, //-hcNane, 00)4 and benzene, 
are linear while in the case of anisolc solutions, such plots are , 9 -shaped curves, showing thereby 
existence of more than one relaxation time. The obscrvt'd results in this case have been 
analysed under the assumption of two relaxation times and T 2 the former due to rotation 
of the molecxile ais a whole and the lattter due to rotation of the mothoxy group. Thi^ analysis 
shows that the percentage contribution to the overall loss due to the rotation of tho mothoxy 
group is about 10% in paraffin solution and about 30% in hoxano solution. This percentage 
IS still higher in benzene and CCI 4 solutions. The value of ta in paraffin and hexane solutions 
at about 275°K is about 4 X 10^^* sec with a potential barrier of 4. 3K. Cal /mole. This value of 
T 2 in benzene and CCI 4 occurring at about 295"K seems to be consistent with experimental 
results. The values of tj duo to rotation of the molecule as a whole in the case of anisolo in all 
these cases are compatible with those observed for rigid dipolar molecules of similar size unde? 
similar circumstances. 


INTRODUCTION 

The phenomenon of dielectric relaxation of polar molecules in the liquid 
state and in solutions in non-polar solvents has been extensively studied both 
theoretically and experimentally. The agi'eement between the two has been 
found to be fairly satisfactory in the case of polar molecules with rigid dipoles 
but in the case of molecules with polar groups, having the possibility of rota- 
tional motions the agreement is not satisfactory. 

Prom considerations of rotational Brownian motion of the different polar 
groups attached to the polar molecule, Budo (1938), following Debye, showed that 
in general a number of different relaxation times characteristic of the different 
polar groups and of the whole molecule are to be expected, in contrast to a single 
relaxation time observed in the case of rigid dipolar molecules. He also shoved 
that the relative contributions by various polar groups to the overall dielectric 
loss will be proportional to the square of the ratios of the partial moments of the 
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respective groups to the moment of the whole molecule. Many workers have 
experimentally investigated the dielectric loss of such molecules but their experi- 
mental findings differ widely amongst each other. As, for example, in the case 
of solution of methoxy benzene in benzene at 20®C, the time of relaxation of the 
OCHg group have been reported as varying from 7x10"^^ sec to 0.8x 10'"^**sec., 
while the percentage contribution to the overall loss due to the methoxy group 
varies from 80% to about 20% (Hase, 1953; Fisher, 1954; Klages, 1954; Orubb 
et al, 1961; Klages et al, 1961; Forest et aZ, 1964). 

Because of this wide divergence in the rc^sults reported by various workers, 
an investigation of the dielectric behaviour of anisoltJ and some substituted anisoles 
dissolved in some non-polar solvents at different temperatures was undertaken. 
An analysis of the results of the investigation has been presented in this paper. 

EXPERIMENTAL 

Anisole, o-chloro-, o-bromo-, o-nitro- and parachloro anisoles studied in the 
present investigation were of chemically pure quality. These vtTe fractionated 
and the proper fractions were distilled under reduced pressure and dried before 
being used in the investigations. The solvents carbon ietiachloride, benzene, 
w.-hcxane and medicinal paraffin were dried by usual method. The drit'd solvents 
showed slight losse.s in the 38.8 Kmc/s frequency region, which were properly 
taken into account in determining the overall losses due to the various solutions. 
The experimental arrangc^raent and method of calculation of loss tangent (tan S) 
were the same as described earlier (Bhattacherjee et al, 1964). 

THEORY OF THE METHOD 

Following Budo (1938), the average dipole moment of anisole or the para 
substituted anisole in a high frequency electric field of angular frequency co is 
given by 



l+jWi 


l+JWTg j 3*T 


... ( 1 ) 


where is the dipole moment along the C-0 bond, the axis of rotation of the 
methoxy group and Tj is the relaxation time for the orientation of the whole mole- 
culc, is moment component perpendicular to the axis of rotation and Tg 
is the relaxation time associated with it. If the moment /ig of the methoxy 
group is inclined at an angle e to the axis of rotation then = Aa ^ 
is composed of the moments fig cos e, the moment of the atom in the para 
position and some contribution from the mesomeric structures (Grubb et al, 
1961). This will be the average moment if in all the molecules the methoxy 
group is free to rotate. However, if only the fraction i is capable of rotation 
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(Fischer, 1964; Klages el al, 1961) the fraction (l~t) will relax in the field as rigid 
molecules and the average moment will be modified as 


(/*')«. - +' ( , 
1 l+J<OT^ \ 1 

/hi 

-fjoiT, 

[- A'2* ^ 

l4-jcOT2 / 

1 \ 

' J 3*r 


1 l4,ywT^ 

l4-j“T2 

J UT 


... (2) 

Remembering that the observed 
equation (2) gives 

dipole 

moment jll 

is given by 
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... (3) 
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where = 1 — , C, = 

A' 

= and C,+C, = 

= 1 

... (3a) 


Combining this expression with Debye expression for tan S in the case of very 
dilute solutions in non-polar solvents, we obtain 


tan S - 4 - \ 

tan d - + l+o-TaV 


... (4) 


e' is dielectric constant of the solution'at tb(' frecpicmcy of the applied field and all 
other constants having their usual signifieanec*. When the concentration c is 
small e'— > Cq the static dielectric constant of the solvent. Eqn. (4) then gives 


T tan d (eo+2)* _ t('r\ — 4 - 

c / 27* Co" ^ ^ l + <o*Ti* l + wVj 

with (OTj — X, and coTj — 


... ( 6 ) 


m = C, ji-,- +C^ = CJ(®i)+0a/(*2) 


where 
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RESULTS 

The experimental values of tan S at different temperature {T) for the different 
solutions of anisole are given in table 1 . In the case of solutions of anisolc in 

hexane, benzene and carbon tetrachloride when the curves vs T showed 

maxima, the dipole moments were calculated as usual (Sinha et al, 1966) under 
the assumption of single relaxation time. In all the other cases the values of dipole 
moments reported in literatures were used for the evaluation of t values 
which are included in the tables. Table 1 also includes the values of | (T) 
calculated from ithe eqn. ( 6 ) in which the observed value of 1.25D was used for 
//, the dipole moment of anisole. 

DISCUSSION 

(a) Existence of two relaxation times : 

With the help of the r-vaJues calculated under the assumption of a singk* 
relaxation time, graphs of log (tT) against IjT have been drawn for anisole and 
substituted anisoles. These graphs are shown in figures (1-5). is seen that tli(‘ 
graphs arc almost straight lines in the case of all the substituted anisoles, and similar* 
to those observed in the case of molecules with rigid dipole moments (Sinha et al, 
1965; 1966). But in the case of solutions of anisole in paraffin, hexane, benzerK* 
and CCI 4 (figs. 5a-5d) the graphs are ^-shaped curves. This non-linearity 
shows that the results are not explicable under the assumption of a single relaxa- 
tion time for anisole. 

From table I it is seen that the values of ^{T) in the case of solutions in hexane, 
benzene and CCI4 at first increase with increase of temperature, then attain a 

4.4 

4.2 
t 4.0 

pr 

J 3.8 

3.6 

3.4 

2.8 3.2 3.6 

1/TxlO®-^ 

Fig. 1. Plots of log (Tir)vB 1/T for solutions of o-nitro-anisole in different solvents. 
pico-secs) I-n-hexane, II-Benzene, Ill-Carbontetraohloride IV-ParafQn. 
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2.8 3.2 3.6 

l/TxlO®-v 

Fig. 2. Plots of log{r.T) vs 1/T for solutions of ^j-chloro-anisole in clifforent solvents, (r-in 
pico-secs). I-n-hexane, II -Benzene, Il-Carbon tetrachloride, IV-Paruffin. 



2.8 3.2 3.6 

1/T X 103-^ 

Fig. 3. Plots of log (tT) vs I IT for solutions of o-chloro-anisole in different solvents, (r-in 
pico-secs). I-n-hexane, II-Benzono, III-Carbontotrachlorido,i IV-ParafTin. 



2.8 3.2 3.6 

1/T X 103-4 

Fig, 4. Plots of log(rT) vs l/r for solutions of o-bromoanisole in different solvents, 
in pico-secs). 1-n-hexane, II-Benzene, lll-Carbontetrachloride, IV-Paraffln. 
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Fig. 
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5. Plots of log (tT) vs 1/T for solutions c 
(a) Benzene, (b) Carbontetrachlorido 



anisole in different solvents, (t in pico-secs). 
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Curve T plot of lag[TT) vs 1 jT for solution of anisole in hexane 
Curve 11. „ loglTjT) vs l/r (r and n. in 
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maximum value and finally gradually decrease. The rate of increase of ^ {T) 
in benzene and CCI4 solutions is higher than in hexane solution, the rate of decrease 
being almost the same, in all solutions. In the case of paraffin solution ^(7^) 
increases monotonously with increase of temperature. All these are shown in 

fig. 6. 

From equation (6) we have 


dT 


df{x,) 

dT 


-hCv 


9fiXi) 

dT 


... (7) 


With arj = ~'-exp (;^)and “""P ( ^ ) constants, V, 

and F2 the activation energies per mole for dielectric relaxation of the whole 
molecule and the mothoxy group respectively), eqn. (7) becomes 


dT T 


{ 14- 

\ ^ TjB/ ( ar/4-l)2 T 



V, 

R 


'\^2(1~52*) 

/(1+V)‘^ 


(7a) 


At the temperature where ^{T) is maximum == 0 if the condition == 1 
and OTg = 1 holds simultaneously. 

In that case ~ 

Actually the maximum value of ^(T) in the case of these solutions (fig. 6) 
are all less than 0.5 which indicates the presence of more than one relaxation 
time. 

b) LimUa for and Tg. 

Since the condition x^ = X2 1 is not satisfied at the temperature when 
^(T) is maximum it is seen from eqn, (7a) that at this temperature may be 
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zero for suitable values of > 1 and Xg < 1 or vice versa. We have assumed 
- the relaxation time for the whole molecule to be greater than t* the relaxa- 



276 296 316 335 366 

Fig. 6. Plots of 5(^) vs T for solutions of anisolo in clifferont solvents. 

I-n-hexane, II-Benzene, Ill-Carbontetraohlorido (left-hand side ordinate values) 
IV-Paraffin (Righfchond side ordinate values) 

For curves I, II and III the appropriate ranges for 1^{T) are shown by the broken intervals. 

lion time for methoxy group and since coTj and — coTg, > x^- 

With g> = 2.44x 10^^ rad/sec x^ > means > 4.1x10“^^ sec and 
Tg < 4.1 X 10~^2 g0Q 

c) Determination of the values of and Tg. 

For the determination of the values of Tj and Tg the analysis of the experi- 
mental data of the solutions of anisole has been made on the following considera- 
tions : 

i) In the same solvent and at the same temperature the value of Tj of 
anisole is very nearly the same as that of a rigid molecule of similar size. 

ii) The value of Xg (of the raethoxy group) is less than 4x 10-^^sec. for tem- 
peratures 296°K and above and becomes equal to 4xl0“^^scc. at temperatures 
in between 275^K and 296®K. 

Using the value of i(T) for hexane solution from table I along with eqn, 
(6) the following relations are obtained : 

f(276) - OJ(a:i)+<7g/(Xo) = 0.404 

1(296) = OJ(V)+C'2/(^2) = 0-414 

Uj+U, - 1 


with 
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For bromobenzene, a molecule having the same size as anisole the values of 
the relaxation time in hexane solution at temperatures 276°K and 296°K are 
respectively about OxlQ-^^ and 7 x 10*"^^ secs. (Sinha et al, 1966). The corres- 
ponding values o{f{Xx) are about 0.37 and 0.42. Assuming that these values also 
hold for anisole and that the value of rg at 276°K is '--4x10"'^^ sec i.e./{a; 2 ) 0.6 

the insertion of these values in the first expression of equation (8)^ivcs . 37 ( 71 + -SCg 
= .403 whence and Using these values of and Cg in the 

second relation of equation (8) the value of at 296°K comes out to be 0.4 

approximately i.e. r2^2x lO-^^sec. In this way the values of and Tg at all 
temperatures have been determined approximately. Afterwards, the values of 
G 2 , Tj and Tg have been slightly adjusted so that the calculated ^{T) values are 
in satisfactory agre'oment with the experimental values of ^(7^) at the corres- 
ponding temperatures and the plots of log(TiT) vs 1 JT and log (rgT ) vs 1 jT yield 
good straight line graphs. The Tj- and Tg-values are given in table II and the 
graphs are shown in figs 5(c) and 5(e). The hindering potential energies Fj and 
Fg calculated from the graphs in the usual way are given at the foot of the Table. 
Once the valuess of Tg at different temperatures have been determined, the cal- 
culation of Tj- values in paraffin solution become much simplified. The final 
values of calculated with Uj = 0.9 and Ug = 0.1 are given in table III and the 
graph of log (t^T) vs 1 JT is shown in fig. 5(d). The value of the potential barrier 
Fj obtained from the graph is given along with the Table. 


Solution 

0-2 

«% 

Hexane 

0.3 

38.7 

Paraffin 

0.1 

12.9 


In tables II and III the values of the time of relaxation of bromobenzene at 
different temperatures in hexane and paraffiin solutions respectively have been 
included for comparison. It is seen that in each case the Ti-values of anisole arc 
comparable with those of bromobenzene, a molecule having the same size as that 
of anisole. 

Now an estimate of the percentage of molecules capable of relaxation by the 
processes of rotation of the molecule as a whole of the methoxy group is made by 
using the relation C 2 = Putting /a = 1.25D and = I.IOD (Base, 

1953; Fisher, 1954) the following values of t are obtained : 

The small value of Cg = 0.1 in paraffin solution indicates that in this case 
most of the anisole molecules relax by the process of the rigid rotation of the whole 
molecule and consequently, the plot of log {t.T) vs l/T (obtained by using the 
r- values calculated under the assumption of a single relaxation time) shows only 
small departure from linearity fig 6b, 
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TABLE II 
Anisole in hexane 


Cx 

= 0.7 


0* = 0.3 

Tomperature Tg X 10^^ ao(? 

Ti X SOO 

T X 10^2 

B romobdii zolu 

276 

4.00 

9,80 

8-50 

286 

2.99 

8.94 

7.60 

296 

2.16 

8.04 

6.90 

306 

1 .68 

7.42 

0.25 

316 

1.31 

6.85 

6.45 

326 

1.03 

6.27 


336 

0.82 

5.82 


\\ — 4.33K.Ca1/Molo, 

Fi= i.ooK.t!ui/.vri.ic 


Cx 

TABLE III 

Anisole in Paraffin 
= 0.9 Oa = 0.1 

Temperature 

Ti X 10'^ ao(‘ 

T X 10’ 2 KOC 

Bronif ibenzene 

297 

20.1 

19.96 

307 

17.8 

17.14 

317 

35.2 

15.09 

329 

13.3 

13.33 

337 

12.1 

11.79 

347 

10 5 

10.67 

355 

9.6 



Vi = 2.2K.Cal/Mole 


In the case of hexane solution = 0.3 and tlu; plot of log(TT) vs l/T (fig. 
5c) shows greater deviation from linearity. Such d(wiaiions are still more pro- 
nounced in the case of solutions in benzene and in CCI 4 and may therefore indicate 
greater values of in two cases. 


Analysis of the data (in terms of the Ta-values so delcrmincd) in the case of 
solutions in benzene and CCI 4 has not been very successful. However, it “aj 
noted that the maximum value of /(**) = 0.6 in the case of benzene and CCI 4 
solutions should occur at temperatures well beyond the temperatures at whic 
^{T) is maximum in the respective cases i.e. between 276°K and 306“K. ^ If we 
assume that in the case of solution in benzene /(a^g) is max. at about 296 K, 
value of Tj at this temperature will be 4 x lO'^^sec. which agrees well vdth 
of 4.4 X IO“^*seo. in benzene solution at 26°C (Fisher, 1964) an . X 
reported by Hase (1963) at 26'’C in other solvents. Further experiments are bemg 
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conducted to obtain complete information about Tj the relaxation time of the 
methoxy group in anisole in different environments. 

d) Substitvied anisoks 

It can be seen from figs. 1-4 that the graphs of log {t.T) vs 1/T in the case 
of the solutions of o-chloro-, o-bromo-, o-nitro- and p-chloroanisoles in all the 
solvents are all straight lines similar to those observed in the case of molecules 
with rigid dipoles and having a single relaxation time (Sinha et al, 1966). It, 
therefore, suggests that the molecules of these substituted anisolcs relax predomi- 
nantly by the process of rotation of the molecule as a whole. Considerations of 
the expected values of for these compounds also lend support to this idea. For, 
if the value of t for the different compounds in less viscous solvents is taken to be 
40% then from the relation C’j = t. it is seen that as the value of /t of the 

substituted anisoles varies from 2.5D for the halo substituted anisoles to 4.8D 
for ortho nitroanisole, the values of come out to be about 0.1 for the former 
compounds and .026 in the latter compound. It may, therefore, be concluded 
that, the contributions to the dielectric loss in these cases are mainly due to the 
rotation of the molecule as a whole. 

It may be noted here that in the case of solution of p-chloroanisole in Nujol 
Grubb and Smyth (1961) reported very high values of Tj for the rotation of the 
molecule as a whole. The Tj-values are very large compared with those for mole- 
cules of similar sizes and may have resulted from an attempt to interpret the ob- 
served results in terms of two relaxation times. 
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ABSTRACT . The technique of the absolilte intensity meaRuremeni of if-shell fiuoroRoent 
raciia-tion by a NaT(Tl) crystal has boon omplo 3 ^d to measure the cross-soctions of the inelastic 
interactions of 280, 662 and 1260 kcV gamma rays with /C-sholl electrons in lead and gold. 
The X^-rays efficiency of the detector has boon n^easured experimentally by comparing the ratio 
of gamma rays and X-rays following internal conversion from Aid®® and Hg^o^ sources. For 
280 keV gamma rays the measured cross-soctions agree with tho known photo -electric cross- 
soctions showing that tho X-rays are produced essentially through tho photo-electric interac- 
tion. For 662 and 1250 koV tho moasured cross-seotions are somewhat higher than those 
of photo-elootric interaction indicating tho contribution of the Compton scattering from X-shell 
electrons, the integrated oross-seotion of which is estimated to be equal to that from free and 
stationary electrons. 


INTRODUCTION 

Tho inelastic interactions of gamma rays with X-sholl electrons of the target 
atoms result in iJ'-vacancics which emit fluorescent X-rays or eject Auger elec- 
trons. The processes of interactions arc, (i) Photoelectric effect and (ii) Compton 
Hcattering from bound electrons. Tho number of X'-vacancies created ( which is 
equal to the X-shell X-rays emitted divided by the X-shell fluorescence yield, 
is a meaDuro of the cross-sections of these interactions. The measurement of the 
number of X-rays emitted when a target is irradiated with a knowm flux of gamma 
rays thus provides a method to obtain information about the cross-sections of 
these processes. 

The experiments performed to determine the cross-scctions of inelastic 
interactions of 280, 662 and 1250 keV gamma rays with X-shell electrons in Pb 
and All by measuring the absolute yield of the X-shoII fluorescent X-rays are 
described and an effort has been made to interpret the results in terms of the cross- 
sections of the above mentioned processes. 

experimental arrangement and procedure 

The experimental set-up used is shown in fig. 1- Gamma rays of energies 
280, 662 and 1250 keV were obtained from radioactive sources of Cs'* And 

respectively. The targets of the gold and lead in the form of circular foils 
(2.5 cm dia) were used . The thickness of the target could be varied by changing 
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the number of foils. With one element measuremonts were made by using 
targets of thicknesses t, 2t^ 41 etc. The fluorescent X-rays emitted from the target 
were counted with a single channel spectrometer with a 2.6 cm diax2.6cin 
height Nal(Tl) crystal. Direct radiation from the source was prevented from 



Figure 1. Experimental arrangement. 

reaching the counter by grade<i shielding consisting of lead, tin, copper and ahi- 
minium. Source and detector were also shielded by graded absorbers to prevent 
scattering from walls and surroundings^^to the detector. The graded shielding 
had to be used for preferential absorption of fluorescent X-rays produced in tho 
lead shielding. The energy spectrum of radiation emitted from the lead target 
in the fluorescent X-rays region is shown in fig. 2. It contains a prominent K- 



Figura 2. Spectrum of K-radiation when lead is irradiated with 280 keV gamma rays. 
Dotted curve is the spectrum taken with an equivalent ahuniniom. 

shell X-rays peak. The spectrum taken with an equivalent aluminium target 
is also shown. The spectrum without any target in position showed a general 
background lower than that with A1 target indicating that only those fluorescent 
X-rays which are emitted from the target and are of interest in the present investi- 
gations are recorded in the counter. 

The measurement of the cross-section for the creation of X- vacancies consisted 
of determining the number of X-shell fluorescent X-rays emitted from the 
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target, the Bouroe strength, the number of atoms per cc. of the target, the 
scatterer-detector and source-Scatterer solid angles. The number of X-rays 
emitted from the target was calculated by measuring the area under the photo- 
peak of the X-rays spectrum and taking into account (i) the effective detection 
efficiency of the X-rays under the photo-peak in the experimental set-up used and 
(ii) the absorption of the incident gamma rays and the emitted X-rays in the target. 
Both these factors were determined experimentally as discussed later. The effective 
efficiency accounts for (i) the absorption of X-rays in the air between the target 
and the detector (ii) the absorption of X-rAys in the crystal package, (iii) the iodine 
escape peak in crystal (Crouthamel, 196(^ and (iv) photo-peak efficiency, corres- 
ponding to the fraction of X-rays which idse their full energy in the crystal. The 
source strength was determined in terms bf the area under the photo-peak of the 
gamma rays under investigation, the alnjolute strength being not needed. The 
source-target solid angle was calculated from the known geometry, while the 
scatterer-detector solid angle was determined experimentally by replacing the 
scatterer with a weak source of the energy under investigation and comparing 
this weak source with the actual source used in the main experiment. ABHuming 
isotropic distribution of X-rays, the cross-section for the creation of X-vacancies 
is given by 


<r=-4u. ^ ... (1) 

where NJN^ is the ratio of the counting rates due to the iC-shell JT-rays and the 
small source placed at the position of the target, the ratio of the strengths 

of the weak and actual source, €y is the photo-peak efficiency of the detector for 
gamma rays, e* is the effective detection efficiency of JT-rays as defined above, 
0)1 is the source-scatterer solid angle, p is the number of atoms per cc. of the 
target, t is the thickness of the target, is the correction that accounts for the 
absorption of the incident gamma rays and emitted X-rays and is the X-shell 
fluorescence 3deld. Sa/iSi was measured with an accuracy of 2 per cent by com- 
paring the counts in the gamma ray photo-peaks of the two sources. Two sources 
of intermediate strength were used to avoid corrections due to source-detector 
geometry. The value of €y, the gamma ray photo-peak efficiency, was taken from 
the tables of Crouthamel (1960) and graphs of Leutz ei al (1966). The sequence 
of taking observations was arranged so as to minimize the effects of drifts in 
electronics and source decays. 

determination of effective efficiency of 

THE DETECTOR 

decays by fi emission to 412 keV level in Hg^** which de-exoltes by 
gamma ray emission or electron conversion. The X-shell conversion results in 
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^-racancios in Hg and emit X-rays or Auger electrons. The X-conversion coeffi- 
cient is defined as 


a* = 1 

NyEK 

where Ny and Njc are the counting rates due to gamma rays and if -shell X-rays 
respectively and the other terms have been defined earlier. Knowing the value 
of oiK = 0.0302±0.0004 (Siiba Rao, 1966), -- 0.231 (Crouthamel, 1960; Leutz 

et al, 1966) and measuring Nk and Ny from the spectrum obtained by ifiacing an 
Au^®® source at the position of the target, the value of ek was calculated to be 
0.85±0.04 for the 70.8 keV Hg X-rays in the present experimental arrangement. 
The analysis of the Au^®® spectrum to determine Ny and Njc is shown in fig. 3. 



Figure 3. Pulse height distribution of Au^®® spectrum. Curve 1 direct spectrum and 
curve 2 with graded absorber to absorb X-rays. 

Similar measurements were also made for T1 X-rays using a Hg*®* source which 
decays to 280 keV level in T1 and a value of 0.82 ±0.04 was found for T’he 

value of was also determined by measuring the coincidence rate between 

fi rays feeding 412 keV level and X-rays following internal conversion in Hg”*- 
The ratio of the /ff-X coincidence rate and count rate is given by 

^fixINg = ojt ex ci, (2) 

The target was replaced by the small Au”* source in the main experimental 
arrangement and a plastic scintillator was used for' counting /f rays. The /?-my 
counter was biased at 600 keV so that the internal conversion deetrons are not 
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counted. Coincidence count rate was again measured by placing a graded X-rays 
absorber before the Nal(Tl) crystal. This counting rate corresponds to 412 keV 
gamma rays which are counted in X-rays channel. Subtraction of this normalized 
counting rate from the first gave the true counting rate. Solid angle was 
measured from the geometry of experimental s(‘t-up. The value of ckw* as deter- 
mined above came out to be 82^.06. 

The value of cr for gold and lead X-rays is expected to be the same as that 
for Hg and T1 and «« also does not vary more than 0.05 per cent in the Z range 
for 79 to 82. Therefore a mean value of 0.83-1-0.04 is used in eq. (1) for exwK. 

ABSORPTION OF INCIDENT GAMMA RAYS AND 
EMITTED X-RAYS IN THE TARGET 

It can be shown (Shute et al, 19G0) that the effective thickness of a target 
of real thickness t when the absorptiem of the incident gamma rays and emitted 
X-rays is taken into account is given by 

where d is the angle that the incident gamma rays and emitted X-rays make with 
the target and /ly and are the linear absorption coefRcients for gamma rays and 
X-rays. The value of fiy-^-fiR was determined experimentally by measuring the 
ratio of the counting rates under the photo-peak with target of thickness f and it 
respectively. The ratio is given by 

H 14 exp f— {/^K-^/Zyl^/eos ... (4) 

The value of R was determined with an accuracy of 0.6 per cent and fiy+fiR was 
determined to be 2.85, 2.46 and 2.41 for 280, 662 and 1260 keV gamma rays res- 
pectively for lead and 2.88, 2.63 and 2.69 for gold. 

RESULT AND DISCUSSIONS 

About ten independent runs were made with each target at one gamma ray 
energy and the results are shown in column 3 of table 1 . The errors given are 
due to the statistics of the counting rate and the uncertainties involved in the 
comparison of source strengths, the determination of cxcok and estimation of 
other corrections. The calculated (Grodstein, 1957) X-shell photo-electric cross- 
sections are given in column 4, Column 6 gives the difference between the 
measured inelastic cross-sections and the calculated X-shell photo-electric cross- 
sections and should give the contributions of X-shell electron Compton scattering 
and the secondary processes, e.g. X-shell excitation or ionization of the target 
atoms by photo- and Compton electrons. Column 6 gives the calculated Comp- 
ton soattering oross-section for two electrons if assumed free and at rest after the 
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formala given by Klein and Nishina. It is seen from the table that at 280 keV 
the measured cross-section agrees fairly well with the calculated f -shell photo- 
electric cross-section showing that for low energy gamma rays and high-£ 
elements the ^-shell fluorescent J^-rays arc produced essentially through photo- 
electric interaction and this method can be used to measure the /T-shell photo- 
electric cross-sections of low energy radiation in high-Z elements. 


TABLE 1 

A-shell interaction cross-sections of 28U, 662 and 1250 keV gamma 
rays with gold and lead. 


Gamma 
ray energy 
in MeV 

Element 

a(exp.) 
in baras 

<r(NBS) 
in barns 

a(exp) — <r (NBS) Oe 
in bams in bams 


Au 

82.6dr5.6 

83.4 



0.73 

0.280 


Pb 

96.1^6.0 

95.6 

— 

0.73 


Au 

11.4db0.9 

10.6 

0.8±0.9 

0.51 

0.662 


Pb 

13.4il.O 

12.4 

l.Oil.O 

0.51 


Au 

3.7±0.6 

2.9 

0.8±0.6 

0.38 

1.20 


Pb 

4.2±0.6 

3.7 

O.6±O.0 

0.38 


The contribution of K^-shcll Compton 8catt<ering cross-section as given in 
column 5 increases with gamma ray energy and at 1 .26 MeV it is about 20 per cent 
if the contributions of secondary processes being second order effects are neglected. 
The data available on Compton scattering of gamma rays from bound electrons 
(Motz et al, 1961; Verma et ai, 1962) are quite scanty. Our earlier experi-. 
ments (Anand et al, 1964) on small angle scattering of low energy gamma 
rays have shown that for small values of momentum transfer involved in 
scattering, the Compton scattering cross-section from bound and moving elec- 
trons is less than that from free and stationary electrons. The experiments on 
large angle scattering (Motz et al. 1961 ; Verma et al. 1962) of high energy gamma 
rays, however, show that the situation is reversed at large values of momentum 
transfer and the Compton scattering from bound electrons becomes more intense 
than that from free electrons. No information is yet available about the inte- 
grated Compton cross-section from bound electrons where the momentum trans- 
fer may vary from zero to some maximum value depending upon the energy of the 
gamma rays. From the data so far available it may be guessed that the inte- 
grated Compton scattering cross-section from the bound electrons may be either 
less than, or equal to, or greater than that from free electrons depending upon the 
maximum value of the momentum transfer which in turn depends upon the energy 
of gamma rays. At 662 and 1260 keV the integrated Compton scattering 
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orosS'Seotion from ^-shell electrons as shown in columns of table 1, may be 
taken to be equal to that from free and stationary electrons. Urge uncertain- 
ties present in these values do not allow us to draw any precise conclusion. 
However, at still higher energies where the photo-electric cross-sections become 
comparable with the Compton scattering cross-section from X-shell electrons 
it may be of .interest to perform rfmilar experiments to see if for still larger 
values of momentum transfer the overall Compton scattering cross-sections 
for bound electrons is more than that from free eleotrons. 
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ABSTRACT. For measuring magntnic anisijtropit^s of single crystals a new sensitivo 
balance has been (ii‘)3cribed. The instrument iiicorporatos olectrodynamic method of halaiic 
ing the couple experienced by a crystal and is operated electrically from a distance. Elimina 
tion of manual handling of the balance onauros high reproducibility and ox>orationai con 
venience. It is well adopted for low temperature work. The performance of the balanco 
is thoroughly tested and di9cu.ssefL 


I N T R O D IM t T 1 O N 

The past few decades have witnessed a sharp rise in interest in the magnetic 
properties of single crystals. Studies on the diamagnetic organic crystals by 
Krishnan and Bancrji (1935, 1938)* BaiuTji (1938) and recently by Mookhorji 
et (il (1969, 1961) show the close correlation between the magnetic anisotropy 
and the molecular and crystal structure. In understanding the nature of the 
ligand fields in the single crystals of the transition m(*ta] ions, the magnetic aniso- 
tropy and its variation with temperature play a very fundamental role. Exten- 
sive investigation on the crystals of the iron group elements undertaken by Bose 
and co-workers (1961, 1963) points to the sensitive field dependoneo of the mag- 
netic anisotropy and its thermal variation. Also, in the case of the rare-earth 
ions where the electrons responsible for giving rise to paramagnetism, arc partially 
shielded by closed shell of outer electrons, the studies of Neogy (1963), Neogy and 
Mookherji (1965) show the significance of anisotropy for correct determination 
of the crystal field parameters. Because of this pivotal importance of the magnetic 
anisotropy we are faced with the problem of collecting a large amount of data of 
fairly high standard on this physical property. To ensure a fast process for 
doing the same, it is very necessary, that a simple and very sensitive method be 
evolved to take the drudgery out of the existing methods for measuring anisotropy* 

A quick survey of the present methods of measuring magnetic anisotropy 
shows that there are only three of them to bo taken notice of. Out of these, the 
oscillation method has long been discarded as being rather crude. The only 

• CSIR Pool Offloer. 
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two widely used techniques are the well-known Krishnan and Bancrjis spin 
method and later developed Stout and Griefel’s (1950) nuU method The 
details of these two methods are available in the original literature and' it will 
suffice to point out here that both the procedures require manual handling of the 
delicate suspension system which is rather inconvenient and puts undue physical 
strain on the worker. Furthermore, the spin method involves determination 
of torsional constants of the quartz fibres which is not very easy to handle 
and at low temperature when the anisotropies of paramagnetic crystals increase 
manyfold their room temperature value, the sudden violent spinning often becomes 
a problem. In the Stout and Griefel method if torsional constant of the fibre 
is smaU, there may be appreciable error in fixing the zero position after the crystal 
is rotated through 45° or any other angle due to the small residual magnetic field. 
This error may, however, be avoided if the magnet is rotated through the fixetl 
angle instead of the crystal and this incidentally does away with the necessity of 
using a hexagonal mirror. The accuracy of theses methods can obviously bo in- 
creased by the use of large well-calibrated torsion head as is often done, (Guha 
Thakurta et al, 1966). A highly suitable yet very simple way to got 
around the difficulties, is the electrodynamic method of balancing the couple 
experienced by the crystal in the Stout and Griefel method. This eliminates 
all kinds of direct manual operation on the suspension system and also, since the 
restoring couple is not furnished by the application of torsion to the suspension 
fibre, it is no longer necessary to u.se delicate fibres for this purpose. The dc's- 
cription of the balance is given in the next section. The linearity of values ob- 
tained for crystals of different masses and also for different sin 20 values, where 
O’a are the angles of rotation of the magnet, is examined. Some cry stals which 
are usually held as standard for magnetic field calibration work are also moiisured 
using CuS 04.6H20 as standard and the values are compared with those of 
previous workers. 


DESCRIPTION OF THE BALANCE 

A schematic diagram of the balance is shown in fig. 1. Essentially, it may be 
looked upon as a modified form of a suspended coil galvanometer. The balance 
coil (6) is wound upon a light rectangular aluminium frame attached to a thin 
glass rod (20) carrying a small plane mirror (19). The coil is suspended by means 
of a pyrex fibre (2) from a small torsion head (1) and is free to move in the radial 
field of the local magnet (6). The two leads of the coil are brought out by means of 
two phosphorbronze spirals (4) attached to the coil. The spirals arc wound in 
opposite directions to nullify any rotational effect on the suspension system due 
to the thermal expansion of the spirals, owing to temperature fluctuations during 
the course of measurement.' A sufficiently long glass rod (9) is rigidly attached 
to the lower end of the glass rod carrying the coil. A small glass hook (11) is fixed 
to the firee end of the long glass rod. The crystal (13) to be studied is attached to 
6 
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another very tWn glass rod (12) with a hook at one end; the length of the rod is 
so adjusted that when it is suspended from the upper hook, the crystal comes just 
at the centre of the pole gap of the rotatahlo electromagnet (14). A heavy glass 
bead (10) is fixed to the rod (9) to increase the stability of the system against 



Figure (l)-(l) Torsion head. (2) Pyrex fibre. (3) Perepox case. (4) Phosphorbronze spirals. 
(6) Aluminium frame. (0) Permanent. Magnet. (7) Oil-scaling glass cup. (8) Watch oil. (9) Glass 
rod. (10) Glass bead. (11) Glass hooks. (12) Very thin glass rod for crystal suspension. (13) 
Crystal. (14) Pole-pieces of rotatable electromagnet. (IS) Potentiometer. (16) Standard resis- 
tance, (17) Coil leads. (18) Outer casing. (19) Plano Mirror. (20) Glass rod. 

, disturbances during the process of changing specimens to be measured. The light 
spot deflected by the mirror is detected by a differential phototube arrangement. 

The balance may easily be adapted for low temperature work with the intro- 
duction of an oil-sealing mechanism ‘7’ and ‘8’ which hermetically separates the 
crystal chamber from the upper part of the balance and thus prevents the humidity 
from entering the balance box. 

MEASUREMENT OF CURRENT 

As the couple experienced by the crystal is proportional to the square of the 
magnetic field it is essential that the latter should be maintained strictly constant. 
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The change in the magnetic field due to small variation in the coil current is avoided 
by using an electronically regulated power supply capalde of maintaining the cur- 
rent within 0.06% of the desired value up to 5 amperes. For fine adjustment 
of the current a screw motion rheostat is connected in scries with the magnet 
The constancy of the current is checked by means of the arrangement showing in 
fig. 2 wherein the voltage drop across a standard resistance (1) is balanced by^the 
potentiometric arrangement shown. It is not necessary to measure the actual 
voltage drop across (1) : the constancy of this voltage drop is essential. The absence 
of any deflection in the galvanometer (3) ensures this constancy. The current in 
the potentiometer circuit is checked from time to time by means of the standard 
cell (2). This arrangement is sensitive enough to give a deflection of 10 cm, in 
the ‘Multiflex’ galvanometer for 1 mA clainge in the coil current. 

OPERATION 

The procedure adopted to align the direction of the maximum susceptibility 
of the crystal in the horizontal plane with the magnetic field direction, is similar 
to that of Stout and Gricfel, the only difference lying in the fact that the magnet 
is rotated instead of the torsion head. The exciting coils of the electromagnet 
are energised and if the crystal is not at the zero position a deflection of the 
suspension system is observed. The magnet is rotated until there is no deflection 
on make and break of the current. This gives the ‘zero position’ of the balance 
and the corresponding position of the magnet is noted. From this position the 
magnet is rotated through any angle. This angle of rotation should be less than 
45° and preferably greater than 30°. When th»^ magnetic field is switched on the 
crystal will experience a couple and will try to align in the direction of the magnetic 
field. The crystal is restored to its original position by passing a current through 
the balancing coil. Tn order that the deflection from the ‘zero-position’ be less 
both the currents viz. the current through the electromagnet and that through the 
balancing coil should bo increased or decreased simultaneously. Because the 
uppew permanent magnet is placed high above the lower electromagnet and has 
no interaction with it, the torque acting on the coil is directly proportional to the 
current in it. This current is determined by measuring the potential drop across 



Figure 2 — (1) Standard resistance. (2) Standard cell. (3) Multiflox Galvanometer. (4) 
Driving cell. (6) To current regulated 'power supply. (6) Magnet, 
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a standard resistance with the help of a precision potentiometer capable of measur- 
ing upto microvolt. 

For calibrating the balance the current J, required for balancing the couple 
due to a standard specimen is found out in the abovemontioncd way. For 
measuring anisotropy of any substance the standard sample is replaced by it and 
the coil brought to the original position by rotating the torsion head, if required. 
We have seen during measurement that if the hook-joint is made rigid by a drop 
of wax and opened by melting the wax in the joint with a hot brass rod carefully, 
the position of the coil is not at all altered on changing the crystal. Now, the 
current required for balancing the couple for the unknown specimen is deter- 
mined. 

The couple experienced by the standard sample 




M. 


sin 29, 


and that by the test sample 


... (1) 


r„ oc 7„ Bin 20 ... (2) 

Mu 

where A is the constant of proportionality and A^, »», M correspond to magnetic 
anisotropy, mass and molecular weight of the crystal. 0 denotes the angle through 
which the magnet has been rotated in both cases. The subscripts s and u stand 
respectively for the standard and test sample. 

Tf the angle of rotation 0 is the same for both the cases then 




hi 

I. 


m, Mu 
mu M, 


... (3) 


RESULTS 

The performance of the balance was examined by measuring the current 
required to balance the couple acting on the crystal for different angular positions 
of the crystal with respect to the field direction. According to the relation (1) 
or (2) the ratio of sine 20 and that of the couple should be constant. We measured 
the couples acting on the CuSO^, SHjO crystal by rotating the magnet through 30°, 
35°, 40° and 44° from its zero position and the linearity is observed to be within 
0.05% which demonstrates the excellent response of the balance. The graph in 
fig. 3 shows the linearity between sin 20'b and the corresponding balancing e.m.f. a 
as the measure of the couples. It may be pointed out here that this check should 
be taken as the true test of the reproducibility of the balance itself since in these 
measurements only the couple acting on the crystal is changed by rotating the 
magnet keeping all other factors constant, However, the overall accuracy to 
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measurement of anisotropy depends on various factors, e.g., perfection of the crystal, 
the correct mode of suspension of the crystal and the homogeneity of the 
magnetic field over the region. The reproducibility and accuracy of our balance 
is also chocked by measuring the balancing currents for crystals of different masses 



Fiq. 3 — The linearity in the variation of o.m.f. with values of sin 2$. 

Absoissae — ^Values of sin 2. Ordinate — e.m.f. in fiY. 

of the specimen in the same magnetic field. It is evident from the expression of 
the anisotropy that the variation of e.m.f. with mass should be linear. Using 
different crystals of C11SO4, SHgO we find that the litiearity is within 0.2%. The 
higher error in this case is obviously more due to lack of perfection in the crystals 
and mode of suspension and inhomogoncity of the fields rather than the repro- 
ducibility of balance. A graph between different masses of CURO4, 5H2O crystal 
with the corresponding e.m.f. 's is shown in fig. 4 . 



Fiq. (4) — The linearity in the variation of e.m.f. with mass of the crystal. 
Abscissae — Mass in mg. Ordinate — e.m.f. in ^V, 

The magnetic anisotropy of three different crystals belonging to the mono- 
olinio system were measured with the balance. For this purpose the field was 
calibrated first with OuSO«, SHgO crystal (with c-axis vertical). Measurement 
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was dono by suspending the sample with &-axis vertical. The results are given 
in table 1 . The overall accuracy of these values was estimated as less than 
0 . 5 %. 

As is obvious from the description and operation of the balance it is extremely 
simple in construction and easy to operate. The changing of samples is also 
effected very quickly. If the phototube null detecting system is made enough 
sensitive the same balance is capable of giving highly accurate values both for 


TABLE 1 


Crystal 

(Xi- 

-X2)xl0« 

Temperature 

Present value 

Previous workers* 
value 

CuKa(S04)a 

327.7 

322. 3* 


NiKa(S04)a 

133.8 

131.2* 

SOO'^K 

CoKa(S04)2 

2630 

2640** 



* Dutta (1964). 

♦♦ Guha Thakurta et al (1966). 


DISCUSSION 

crystals of low and high anisotropy since it only involves measurement of e.m.f. 
which can be done pretty accurately by a good potentiometer with a sensitive 
galvanometer. 

A few points of caution may, however, be mentioned at this point. During 
the course of measurement it was discovered that the error due to the anisotropy 
of the pyrex suspension rod which lies between the pole gap may cause appreciable 
error. Hence it is absolutely necessary to use as thin rod as possible and check 
each of them before use. Another factor which needs special attention for ensuring 
satisfactory working of the balance is the elimination of zero shift. Various factors 
are responsible for sucli shift in these sensitive instruments. If, however, particular 
care is bestowed on the neatness in constructing the balance this can be reduced 
to negligible proportions. The suspension fibre and phosphorbronze spirals 
should be scrupulously cleaned; the soldered joints should be as neat as possible 
and one should avoid any sharp bend in the bronze spirals : finally one should 
avoid any drastic temperature change during the course of the experiment as 
far as possible. 

The distance between the coil and the electromagnet should be made large 
enough to avoid any appreciable stray field at the position of the coil compared 
to the field due to the local magnet. This is necessary since the angular position 
of the magnet has to be changed in course of measurement and this would entail 
a corresponding change in the effective field on the coil, The comparative strength 
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of the stray field could be detected by keeping a small current running through 
the coil and noting whether th(>re is any change in the deflected position of the 
mirror by rotating the electromagnet. 

The figures 3 and 4 display th.' fine performance of tlie balance. High 
linearity of o.m.f with the mass and sin 20 sliows the; high reproducibility of the 
instrument. The UNICO electromagnet, probably the only Indian product in 
this category, was used in the measurement. It was found tht tlie liomogeneity 
of the field with a polo gap of 4 cm was restricted within 1.2 cm around the centre 
of the pole gap. 
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ABSTRACT. The (n, 2n) cross sections of 14.8 MeV neutrons havo been measured for 
four nuclei by activation analysis method, in a relative way. The results have been compared 
with calculated values from evaporation model of compound nucleus. Significant disagree- 
ment of values of nuclear temperature was obtained in some caaoa. 

INTRODUCTION 

The {n, 2n) cross section of 14.8 MeV neutrons have been measured by acti- 
vation analysis method, for nuclei Zn®*, Ga*». Ag“^ relative to («, 2n) cross 
section of Cu®®. 

There exists a number of cross section data for these nuclei. But there are 
large spread in the values presented in the literature for any of the reactions and 
therefore it was thought necessary to re-investigate them with a good degree of 
accuracy. 

It is generally held that the (ii, 2n) represents the reaction whose cross section 
can be quantitatively predicted from the evaporation theory. It was thought 
worthwhile to study mostly the low-Z nuclei and compare the results with this 
theory. 

All the above nuclei become positron-active after {n, 2n) reaction. Hence 
activation analysis was done by using a gamma-scintillation spectrometer for 
the study of the annihilation radiation. In the case of a new variation of 
method other than straightforward gamma counting has been used and the details 
have been reported elsewhere (Mitra et al, 1965). 

EXPERIMENTAL PROCEDURE 

Neutrons were obtained from the Bose Institute’s Cockcroft- Walton gene- 
rator where (t, d) neutrons were generated using a low deuteron energy equal to 
120 KeV. Irradiations were done in the direct neutron beam, in the forward 
direction. Activation analysis were performed as detailed below. 

Method of Irradiation : 

The irradiation procedure has been described in a previous paper on (n,p) 
cross sections (Mitra et al, 1966). Except in the case of phoi^horas, samples in 
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the form of either powder or foil, were irradiatcfl. being contained in graphite 
holders, where the holders were pots of diametoj- 2.5 cma and had a rim-height 
of 2 mm. Those were of nearly uniform w<‘iglit of about 1 gm each. Sample 
distance from tritium target was 5.5 cms. Neutron flux during irradiation was 
kept constant with a variation limit of .[ 5%. 'J'ln.s was chocked by employing 
a monitor composed of a heavily bia.sed plastic .scintillation counter. Irradiation 
in every case was for a time period sufficiently long to ('n.sur<' saturation of product. 

Counting the irradiation products 

Tho irradiated sampleH, all posi^on-ac*tiv(% wc'rr toiinU'd lor aaiiiliilation 
^amina rays. This was performed Ijy siandanl scintillation detectors. WJu^n 
a single counter was used (in case ipf phosidiorus) a 5.1 cm. 1.9 cm Nal(Tl) 
phosphor was used and in case of oiluM* *amplt‘s, counting was dom* by two count eis, 
where the samples were sandwiched In l)etwcen these two, and in tlies(^ cases 
two 2.#5x2.5 cm Nar(Tl) Marsha w cryfirtals were used, lii tlic single spectrometer 
Dumont 6292 phototube was used and ^hen two spectrometers were used, RCA 
0190 phototubes were used, ('onvcuitioiial eii etronu s ef)mpos(‘d of lin(‘ar ampli- 
fiers and single-channel iiulse-height analysers W( usc'd. 

To convert all the positrons to annihilation (|iiantn, tvo 9.75 cm thick alu- 
jniiiium discs were used to sandwich the thin sample-pol. It was a calculated 
thickness to conv^ert all the different energy /^■' that- were cxp('ct(‘d bom the 
daughters. The countei's were individually calibrated by a known Na-^ small 
positron source. For the cases other than phosplionis, the pulse height analysers 
were differentially adjusted to n'ceive only th(' half vidth of llu^ annihilation 
peaks individually. A difbnvMit method A\as used in the case of study, where 
noarlj'^ the same life-time contrihutions from 1 .78 AleV y-jdiotons trom Al-^ 
obtained by {n, or.) reaction in makes (lie measurement of annihilation quanta 
only from difficult. The dtdails of this imdhod havt‘ b(‘on published elsewhere 
(Mitra et al, 1966). 

The Standard Cross Section 

The measurements reported arc relative ones. The standard cross section 
taken was the {n, 2n) cross section of Cu**'* at 14.8 Me\ . In all the cases of nuclei 
reported here, this appeared to Ix' a good standard since Cii®*' is a pun^ positron 
emitter and the absolute cross section is fairly accurately known. From a 
curve represented by Glover and Weigold (1962) d(^picting a variation ot 
this cross section with energy, where data oi Fergusson and Tlioinpson (1960) 
were considered, the relevant cross section at 14.8±6.l MeV was found to be 
given by 630±26 mb absolute. Excitation function measurement of this reaction 
made later by Csikai (1966) also yielded a value 641 mb, which is covered by 

the spread in the used cross section. 

6 
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The Errora 

All the errors associated with such activation measurements have been 
analysed in the previous paper (Mitra eJt al, 1966). An important one was caused 
due to different geometrical dispositions tov'ards the target of the sample 
and the standard foil. This error was resolved by determining a correction factor 
by measuring the apparent value of the (», 2») cross section in Cu®* by using copper 
powder as sample and copper foils as usual monitor. Standard foils were placcid 
on the top of the samples. The usual procedure of sandwiching the sample 
between two monitor foils and reading the two foils by holding them together 
has been dispensed with. 


RESULTS 

The (», 2n) reaction cross sections have been determined for the four nuclei 
Zn®®, Ga®® and Ag^®^ relative to Cu®®(m, 2w) = 630^26 mb. The detailf-, 
viz. neutron energy, chemical form, value of cross section obtained and comparable* 
values obtained by other workers are presented in the following table. 


1’ABLE 1 


Nucleus 

Chemical 

form 

En in 

MeV 

cr(n, 
in mb 

Aiithur (Hoforojirti) 

p31 

Rod phosphorus 

14.74 

8.7±2.7 

Knrgussou ct ah I960 


and Ca 3 (P 04)2 

14.4 iO.3 

10.0±0 S.") 

Hayburn, 1901 



H.lSiO.l 

r>.i±o.4,") 

Cevolani ct g/, 1962 



14.8 ±0.1 

8..5±I.2 

Crriiuolaud cl aU 1961 



14.8 iO.l 

16.0±1.6 

Present iiivo.stigation 


Metal 

14.4 

167 .blO 

Rayburn, 1961 



14.1 

10.-5 ±7 

Cevolani ct al, 1902 



14.6 iO.l 

201 ±13 

Osikai, 1966 



14.8 iO.l 

102 i 10 

Presont Lnvostigatiou 

Ga«» 

Cra^Og 

14.4 

923 ±7.6 

Rayburn, 1961 



14.1 

736 ±44 

Cevolani et al, 1962 



14.8 

983 ±160 

Present investigation 

Agio’ 

Metal foil 

14.14rL0.18 

458 ±11% 

Yaflumi. 1967 



14.1 

734 ±44 

Cevolani ct aX^ 1962 



14.4 

889 ±7.4 

Rayburn, 1961 



14.8 ±0.1 

601 ±90 

Present investigation 


DISCUSSION AND COMPARISON WITH THEORY 

The («, 2n) cross section was always thought to be well predicted from 
statistical theory and hence this particular reaction has been considered to bo 
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represented as evaporative process “par excellence”. From evaporation consi- 
deration, the cross section has been given by Blatt d al, (1956) ; 

(r(«, 2 m,) cxp(-'lp) j .. ( 1 ) 

where o-(n, n) is the cross section for liic emission of a neutron, the factor in the 
square bracket is the probability that a second neutron is emitted after the first. 

binding), i-c. it is the excess <?nergy available for the omission of the 
second neutron. 0 Is the nuclear ten^eraturo of the first residual nucleus. To 
tlie first approximation o-(m, n) may b^ equated to o-,(m), which is the compound 
nucleus formation cross section. From very approximate consideration, nuclear 
temperature is given by Blatt et al, 1|65 : 



where En — 14.8 MeV and a may be computed from the relation a = 0.116A, 
based on Fermi gas model (Ericson, 1960). We have approximated (r(n, n) by 
[(Tnon el-— SfO-fl, whorc i represents all measured cross sections, viz., tr(M, a), o-(w,p) 
etc., except (r{n, 2m). Measured data of cr„g„ ei. i.e. non-elastic cross section for 
14.8 MeV neutrons, exist for many nuclei (McGregor et al, 1967). We have taken 
these measured values and for those nuclei where there are no measured values, 
these were computed from ^ ^''^-dependence curve given from optical model cal- 
culations (McGregor et al, 1957; Percy et al, 1962). 

For partial cross sections like (r(w, p), (r(n, a) etc. we have selected values from 
reported experimental data. The table 2 shows the results of comparison ol 
our data with statistical theory. In the table, the second column represents 
the threshold energy for (w, 2 m) reactions which have been calculated from values 
giv»m in Wapstra table (Evcrling et al, 1960) from which i.e. excitation energy 
left after first neutron emission is calculated. In column 4, Cnonei- values are 
tabulated . The sources of these experimental (or computed, in some cases) values 
are presented as legend. The procedure is similar for all other partial cross sec- 
tion values presented in other columns. Column 10 indicates the values of O, 
computed from equation (2) obtained by approximation from Maxwellian spectra. 
In column 9 are presented our experimental values of aln 2n). The last column 
presents calculated values of nuclear temperature obtained from equation (1), 
using our experimental values. 

The equation (1) is knowm to over-estimate the cross section (Strohal, 1962) 
since it is assumed in it that (i) <r(n, n) can be replaced by OeW and (ii) that it is 
always possible for a second neutron to be emitted wherever excitation is 
left for that after first neutron emission, However, direct comparison with 
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evaporation model has been made by comparing 0 r-alculati d by eciuation (1) 
using experimental values of cr{n, 2n) with 0 obtained from the equation 2. 

From table 2 it will be seen that only in the cases of Zn^* and Ga*®, the 
obtained temperatures somewhat agree vith the evaporation modfl. In the’easo 
of 6 is appreciably larger, and it is also high in case of Agi"" (a midcllo- 
Z-nucleus). Our case represents an “average” cross si'ction in a" broad energy 
variation of ilOOKeV. Hence it is dinieuK, to find an explanation for large 
departure of 0 from the results obtained from the ('vaporution model. In case of 
Ag»«’, measured values of <T(w,np), (r{>|,p«), o-(«,d) with any degrei' of accuracy 
are not known to exist. If these are considerably lai'ge, t he 0 v'aluc w ill be modi- 
fied. 

In the case of the 0 value is ii^ro than 10 MeV. The ex]»eriiu(>ntal cross 
section in this near-threshold energy is small, but largt'r by a factor of t wo than 
the value obtained by Oriineland et at, (1904) in exact ly the; same energy. Our 
cross section agrees fairly well with Rayburn’s valie* (Fergu.sson ei aL 1990) 
normalized to 14.8 MeV. 


O N C L U S 1 O N 

In those nuclei, if pronounced direct (‘ffen-ts are ])resoiit, ex])erinienta] cross 
sections must appear smaller, bocaii.se the first neutron takes away larger energy 
from total excitation. But it is difficult to stat(', with eeriairiity, tbat> in these 
cases actually the direct reactions are responsible^ for low c!os.s section : because*, 
cross sections of }>roco8ses like (n, olv) or {n, nx) are believed tf) be considerable 
in some cases. 

Although this method lias been followed by Forgusson and Thomson (1900), 
such crude comparison, without considering structure effects may not yield 
conclusive results about the presence of direct effect s. Of course the apparent 
large departure from these estimated values from tlu* exp€Timental ones is 
tempting enough to conclude about their presence. Jt is indieat(*d that actual 
measurement of processes where neutron emission is possibk^ along with othcT 
charged particle emission should scrupulously be made, by using particle discri- 
mination methods. Also spectroscopy of (‘in it ted ntuitrons is nect'ssary to assess 
the high energy limit of first neutron, so that tlie secHind neutron emission is 
correlated to quantitatively assess the (n, 2n) process only. 
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ABSTRACT. The Hainan and infrar0d Bpocira ol' tho nioloouL's oi’ bonzyl clilorifl«s 
benzyl bromide, benzyl cyanide and benzyl amino hav(^ been thoroughly inv(‘stigaUHi and a 
reasonably complete assignment of tho vibralional froqueneies m each cas(' has 0(*cn made, 

INTRODUCTION 

Assignments of the vibrational frequencies of benzene derivatives vheu the 
substituent is a single atom or a simple group of atoms have been iiuulo by nu- 
merous workers and as a result certain characteristic features of tlui vibiational 
spectra of such molecules are now easily recognised. However, when tho substi- 
tuent group is rather complicated the analysis of tho vibrational sj)pctrum of tin* 
whole molecule becomes difficult and reliable assignments of the vibrat ional fre- 
quencies have been made only in few^ cases. In a recent p.qxT (Cliattopadhyay 
(i al, 1966) the assignment of the vibrational frequencii^s of benzyl aec^tale has been 
made and it has been pointed out that the assigmnimt of the frequencies of vibra- 
tion of the tw’o constituent parts of the molecule could be made api^roximaloly 
independently. In the same paper it was also proposed to und( rtake the analysis 
of the vibrational spectra of other benzyl compounds. 

The Raman spectra of a number of benzyl derivatives have been investigated 
by previous workers (Reitz et al, 1935; Sirkar ct ah 1946; Ray, 1951 1952; Deb, 
1961) and partial assignments of tho vibrational freqene(n(‘s of some of tho mole- 
cules are given in Landolt and Bornstoin Tabic (1951). The assignment of a 
number of infrared absorption bands of benzyl amine has been made by Leysen 
and Rysselberge (1963), In order to make assignments of the vibrational fre- 
quencies, the Raman and Infrared spectra of tho bonz 3 d chloride, bromide, cyanide 
and amine have been thoroughly investigated and assignments of the observed 
vibrational frequencies have been discussed in the present paper. 

EXPE^RIMENTAL 

Chemically pure samples of benzyl chloride, benzyl bromide, benzyl cyanide 
and benzyl amine obtained from Eastman Organic Chemicals and Ward 

Blenkinsop and Co. Ltd. were first fractionated and the proper fractions were 
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repoatodly distilled iiador reduced pressure before use. The Raman spectra of 
the compounds and the character of polarisation of the Raman lines were studied 
in the manner doscribinl in a previous pajun* (Ohattopadhyay et ah 1966) with a 
Fuess glass spectrograph having dispersions of 13 A/mm and 19 A/mm in the Hg 
4047A and 4358 A regiotis respectively. The Raman spectrograms were obtained 
with different times of exposure and with appropriate filters in order to identify 
as many Raman linos as possible. The infrared spectra of the compounds in 
dilute solutions in different solvents and of tlu^ pure liquids were recorded on a 
Perkin Elmer Model 21 double beam infrared spectrophotometer with NaCl 
optics. The absojption spectra due to pun* liquids Avero obtained Avith very thin 
films of the liquid formed between tAA'^o NaCl discs and also in a c(dl of thickness 
.025mm, so that existence of very weak absorption bands could bo definite ly 
ascertained. 


U E S U L T 

The frequency shifts of th(' Raman lines (Av in cm“^) of benzyl chloride, bro- 
mide, cyanide and amine and the freqiKuicies (v in em“^) of t lie infrared absorption 
maxima of ilic'se compounds are given in Tables T-I\\ The visually estimated 
intensities of the Raman lint s are given in part'jitheses folloAving the frequcncs- 
shift values and tho stat(\s of polarisation are denottMl by the lett(TS P and I) 
as usual. The Raman frequency-shifts reported by other Avorkers together with 
the intensity valutns and nature of polarisation Avlienevtu* available haA^e Ixhmi 
included in the appropriate Tables. The intensity and Jiature of the infranxl 
absorption bands art* denotjod by the letters ,<^-strong; //i-m(*diiun; ?/»-weak; ?>-broad; 
6‘A-shoul(ler and ?;-vcrv. In the case of benzyl amine the table also includt s the 
froqut'iu'ies of the infrared al^stnption bands obsei vetl hy L(*y8en and RysseJbergt* 
(1963). 

The froqiioneios of vibration of all tin* molecules studied in the prtisent hi- 
v^estigation together with tlu^ proposed assignment an*, given in Table V. This 
Table also contains the assignments of some of the vibrational frequencies of thest' 
compounds according to Kohlrausch as given in Landolt Bornstein table (1951). 

DISCUSSION 

All the molecules of the benzyl compounds studied in this work, do not possess 
in the strictest sense any symmetry clement other than t he element of idenitiiy. 
However, under certain special configuration the molecules will have the symmetry 
of the point group C^. In any case each of the molecules of benzyl chloride and 
benzyl bromide will have 39, benzyl cyanide 42 and benzyl amine 45 frequencies 
of vibration. 

If the substituent group be treated as a single unit all the molecules will have 
approximately the symmetry of the point group and in that case there will 
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be thirty frequencieB of vibration characteristic of the phenyl ring divided among 

the appropnate symmetry clasaoB. On the other hand if the phenyl ring (denote! 
by 18 treated as a single unit then the group 0CH,X will give rise to a charac 
tenstio vibrational modes whose number is 9 when X = Cl or Br 12 when TC - ovs 
and 16 if X represent the NHjj group. 

The assignments discussed in the following paragraphs have been made on 
the basis of the intensities in Raman scattering and infrared absorption the 
character of polarisation of the Raman lines and the assignments made in the 
case of monohalobenzenes (Whiffen, 196G) and dihalomethanes (Herzberg, 1966- 
Laudolt and Bornstein, 1951). 


a) Vibrcdiomil freqtLenciea of the 'pnenql ring : 

The frequencies of vibrations corr^ponding to the modes 6A, 6B (e ^■); 8A, 
8B(6 jp ), 9 A. 9B(e^'^), 18A(e,^ ) and 19A, l9B(eft )oi benzene are easily recognised in 
the vibrational spectra of the benzyl compounds and these arc? shown in Table V. 
The frequencies of the modes lOA (Cg-), 16A(c*,+) and l7A(f>«+) in benzene are not 
('xpected to change much in monosubstituted benzenes and accordingly the weak 
Raman lines in the spectra of the benzyl compounds at about 405 cm“i and 845 cm-^^ 
have respectively been assigned to the modes 16A and lOA while the infrared 
bands in the region 940-970 cm“i observed with the different benzyl compounds 
have been identified with the mode 17A. 

All the benzyl compounds show very strong and well polarised Raman lines 
at about 1000 cm“^ and this frequency also appears as very weak absroption bands 
in the infrared spectra of these molecules. This band has been assigned to the 
mode la^^ of benzene. 

The mode 126^^ of benzene is mainly a in planer C-C-C angle deformation 
vibration with some stretching of the C — C bonds. Since the frequency of 
vibration of C-C-C angle deformation mode (6 Aey+) is considerably lowered on susb- 
titution, it is expected that the frequency of the mode 126i„, would decrease 
when one of the H atom is replaced by a different atom or a group of atoms. 
Thus in fluoro- and chlorobenzene the strong polarised Raman lines at 806 cm'^ 
and 786 cm“^ have been assigned to this mode (Whiffen, 1956) while in toluene 
and ethyl benzene, which may be regarded as benzyl compounds, the frequencies 
corresponding to this mode are represented respectively by the well polarised 
Raman lines at 786 and 763cm-‘^ In the spectra of the various benzyl deriva- 
tives there are strong polarised Raman lines in the frequency region 760-796 cm’’^ 
and in the infrared spectra these frequencies appear as absorption bands of medium 
to strong intensity. These frequencies have been assigned to the mode 
of benzeae. 

In the Raman spectra of all the benzyl compounds there are well polarised 
and moderately strong lines in the frequency region 1200-1210 cm~^. In infrared 
7 
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absorption these frequencies in certain cases appear as strong bands. This fre- 
quency according to Whiffen (1950) is attributable to a trigonal mode involving 
considerable stretching of the C-X bond. 

While this suggestion seems justified, it is difficult to determiiu' the corres- 
ponding mode of vibration in benzene. However, it is evident that one of the 
C-H stretching vibrational modes of benzeni^ is appropriately modified to give 
rise to this frequency in many monoaubstituted benzenes. It is suggested that 
in this mode of vibration, the five CH groups in the plumyl ring move out as in 
mode 1 and for th(' remaining C-X group while the C atom moves out the atom 
Xmoves in, thereby compressing tlu' C-X bond. Thus the frequency is due to 
a mode involving the stretching of the C - C bonds and compression of tho 
C-X bond. 

The assignmimts ol the remaining frequencies of the pht^nyl ring is made fol- 
lowing Whiffen (1956). Thus tho frequencies in the regions 1316-1330 cm”*^ and 
1376-1390 cm~^ which appear some times as w(‘ak Raman lines or weak infrared 
absorption bands in tho spectra of tin* various benzyl compounds have respec- 
tively been assigned to the modes 3ao^ and I462u<>f benzene. The mode 1662tt of 
benzene is represented by the strong to moderately strong infrared bands in the 
region 1058-1072 cm~^ in the spectra of tho molecules of the benzyl derivatives 
while the weak Raman line at about 990 cm is assigned to the mode 

In the case of monohalo benzenes Whiffim (1956) asBignf‘d the frequencic^s at 
about 680 and 740 cm respectively to the modes 4^2^ and of benzoni*. 

However, from a consideration of the intensity in infrared absorption it ap|>t‘arH 
justifiable that the very strong band at 695 cin“^ observed with all the compounds 
studied should correspond to the mode lla 2 u ^^hile the Raman band at about 
750 cm to the mode 462 ^,. 

Of the modes 10B{c^“‘), 16B (eu^), 17B(€tt+) and ]8B(f?wr) of benzene the 
strong, depolarised Raman line of lowest freque ncy shift in the spectrum of t)H‘ 
benzyl molecules is assigned to the mode lOB while the weak dtipolarise'd 
Raman line at 320 cm~^ may correspond to the mode 16B. The infrared activ<* 
modes 17B and 18B have tentatively been identified with th(? infrared bands 
in the region 870-890 cm”"^ and 910 -920 cm respectively. 

As with other monosubstituted benzenes, the benzyl derivatives will have 
five C-H stretching vibrational frequencies derived from any five of the modes 
2aj^g; 7 A, 7B(c^-^); IZb^u and 20A, 208(6^’“) of benzene. One of these modes is 
converted into a C-X stretching mode of vibration while the other modes give 
rise to C-H stretching vibrational frequencies which are very nearly the same. 
Because of the inadequate dispersion of the spectrograph used and tho limitations 
of the NaCl optics of infrared spectro-photometer it has not been possible to defi- 
nitely ascertain all these vibrational frequencies. In the Raman spectra of all the 



763 


Vibrtional Frequencies of some Benzyl Compounds 

benzyl compounds there are broad polarised and moderately strong lines n the 
region 3050-3066 cm These froqutmcics in all ])robabilitv’ arise from tlie mode 
2 («„) of benzene. The broadness of the lines may be due to the fact that Raman 
lines arising from the modes 7B and 13 of benz(me have' beam superposed The 
very strong and broad infraroci band at 3005 (mii in Ixnizyl ehloriOo and at 3100 
in benzyl amino may similarly ariso in each caso from the superposition of 
tli(^ bands due to the modes 20 A and 20B of benzfme. 

Besides the above vibrational fif^ucuicios most of tlu^ benzyl compounds 
sliow weak to moderately strong and some times dc^poiarisod Raman lines in th(‘ 
frequency range 550-585 cm“i and in many ceases polarised and modorately strong 
lines at about 810 eni’-^ which are absent in the spectra of monohalogenated ben- 
zenos. Also in benzyl chloride, ethyl beijzcm^ atxd benzyl mercaptan strong Raman 
lines are observed at 679, 672 and 673 cm-i rf spectively corresponding to which 
no Raman lines are found in the spectra of the monohalolxmzenes. These fre- 
quencies in all probability aris(‘ from the vibration of the (j> CHoX grouj) of the 
molecules. 

(b) Vibrational frequen ps OH^X group 

The most important vibrational frequencies of this grou]) arise from 
the motion of the CH 2 group. This group gives rise to five distinct 
frequencies corresponding to one tAvisting mode, two rocking modes, one 
scissoring mode and two stndching mofles of vibration. From a careful 
study of the assignments of the ’A ibrational frequencif'S in dihalom('thanes 
(Herzberg, 1956; Landolt and Bornstein, 1951) th(‘ frequencit^s of vibration 
which correspond to these models in tfu* benzyl compounds are easily 
identified. Thus the Raman lines in the various molecules appe^aring in the region 
1400 cm-1440 cm^^ are attributed to the scissoring mod(' whili* one of the rocking 
modes gives rise to the Raman line's and infrared bands in th(‘ region 1 220-1270 cm'”^. 
The other rocking mode of vibration in all probability is represented by the Raman 
lines of moderate intensity at about 810 cm which also appear strongly in 
infrared absorption. The frequency of the Clf^- torsional motion in dihalomo- 
thanes is about 1160 cm““^ whi<*b changes only slightly if the mass of any of the 
halogen atoms is increased, 'fliis vibrational mode in the case of benzyl deri- 
vatives will have almost the same frequency as t hat ol the modes 9B of the phenyl 
ring and thus has not been dc'tected. The polarisi'd Raman line of medium in- 
tensity at about 2970 cm~^ in t he s]x*ctra of benzyl ehlorid<' and liromide and at 
about 2920 in other benzyl compounds repn'sents the symmetric CH stretch- 
ing vibration of the CHg group. The asymm(‘gric C-H stretching vibration in 
the dihalomethanes is about 3050 cm-^ Tins frequency is not sensitive to /the 
mass and nature of the halogen atoms and in the benzyl compounds would be 
f^xpected to have almost the same frequency. But unfortunately this frequency 
is very close to the aromatic C-H stretching frequency in the phneyl ring and has 
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TABLE I 


Benzyl chloride 


Ramakn shifts 

Infrared bands 

(Av cm-^) 

(v cm"”^) 




Pure Liquids 


Solution 


Bomstein 

author 

Thick 

Thin 

Carbon 


Cyclo 

(1951) 


film 

film 

totra 

chloride 

Chloroform 

hexane 


130(88b) 

137(6b)D 






209(3).61 

267(3)P? 






330(2).89T 

332(2)P 






470(5).28 

472(4)P 






560(3).91 

558(3) 






616(6).91 

620(5)D 






679(10b) 

673(6b)P 


678 s 




700(3).26 

700(1)? 

695 vs 

695 vs 

695 vs 

685 8 

695 vs 

766(6).61 

764(4)P? 


760 m 



760 m 

806(2) 

813(3)D 

810 vs 

812 m 


812 m 

812 m 

816(4).36 








876(1) 




890 sh 




920 mb 


930 vwb 

930 sh 




965 8h 


952 sh 

950 sh 

956 vvw 



982 sh 




986 vvw 

1003(10).08 

1000(10)P 

1002 w 


996 wb 

1005 vvw 


1030(6). 12 

1030(4)P 

1026 B 

1028 w 


1028 vvw 

1025 vvwb 



1071 vs 

1072 m 

1065 wb 

1072 m 

1070 mb 

1165(5) 

1162(2) 

1160 B 

1155 vwb 

1152 8h 



1182(2).74 

1185(1) 






1209(7).20 

1205(5)P 

1210 mb 

1210 wb 

1210 mb 

1210 sh 

1208 m 

1264(6).43 

1258(5)D 

1264 vs 

1268 8 

1266 vs 

1268 vs 

1262 VB 



1323 mb 

1320 sh 




1382(0) 


1390 wb 





1438(3) 

1439(2) 






1452(1 ).97 


1450 vs 

1458 8 

1458 m 

1460 b 



1497(2) 

1498 s 

1600 m 

1500 m 

1500 m 

1495 s 

1586(2) 


1590 m 





1603(8).69 

1607(5)D 

1604 mb 



1606 vvw 

1606 vvwb 

2964(lb) 

2960(3)P 

2983 sb 

2990 mb 





3024(1) 

3030 sh 


3020 sh 



3057(2b) 

3067(6b)P 


3058 mb 

3050 wb 


3052 mb 


3066 vsb 
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TABLE II 
Benzyl Bromide 


Kaman shifts (i\y cm' 

■*) 


Infrarod bandH (v cm“^) 


Reitz and 

Ray 

Present 

Pure liquid 

Solution in 

Stockmair 

(1935) 

(1962) 

author 

Thick 

film 

Thin 

film 

Carbon 

tetra- 

chloride 

carbon 

disul- 

phide 

133 (10b) 

103 (4)D 

121 (6b)D 





236 (3) 

239 (2)P 

243 (4)P 





320 (*) 


.314 (1) 





462 (4) 

448 (6b)P 

469 (6)P 





548 (2) 

544 (2)D 

651 (6)D 





606 (10b) 

690 (0) 

601 (7b)P 

613 (6b)D 

690 vs 

688 vs 

690 ft 

691 vs 

766 (2) 

749 (0)D 

763 (3)D 

761 8 

760 V8 

769 vsb 

760 m 

804 (2) 

803 (lb)D 

807 (3)D 

800 wb 

798 ft 

810 sh 

806 vw 




888 8h 

888 sh 







910 vw 

920 m 






960 sh 

970 wb 


1000 (6) 

996 (6)P 

1001 (io)r 


1000 v\v 

1002 ah 


1027 (2) 

1016 (0)P 

1031 (4)P 

1026 w 

1026 w 


1028 ww 




1066 m 

1066 H 

1005 vwb 

1061 vw 

1114 (1) 

1163 (2b) 

1162 (0)D 

1166 (3) 







1183 (2) 







1206 (2) 

1200 8 

1200 VB 

1202 m 


1222 (10b) 

1221 (6b)P 

1229 (6b)D 

1224 b 

1223 vs 

1228 s 

1222 s 



1316 (2) 

mem 



1380 sb 

1438 (1) 


1438 (2) 

1440 sh 

1444 wb 

1440 sh 

1421 ab 




1462 vs 


1464 w 


1497 (1) 


1494 (2) 

1494 8 

1494 vw 





1637 (2) 

1686 wb 


1522 mb 

1589 sh 

1598 (6) 

1696 (6b)D 

1608 (6)D 

1600 wb 


1010 sh 

1610 ah 


2949 (0)D 

2970 (2)P 
3054 (4b)P 

2969 (2)P 
3053 (4b)P 

3040 sb 

3062 sh 

3063 mb 

3048 mb 
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TABLE HI 


Bfmzyl cyanide 


Baman shifts 



Infrared bands 



(Av om~^) 



(v cm“^) 





Pure Liquid 


Solution in 


Landolt 

Bomstein 

Present. 

author 






Thick 

Thin 

Carbon 


Carbon 

(1961) 


film 

film 

tetra 

( Chloroform 

disul- 




chloride 


phide 

126 (b) 

136 (4)D 






216 {28b) 

216 (1) 






236 (3b) 

236 (2)P 






322 (4) 

323 (2)D 






368 (6) 

360 (3)D 






428 (3b) 

424 (3)P 






468 (lb) 

470 (0) 






618 (7) 

619 (5)D 

696 vs 

695 vs 

692 vs 

690 s 

691 V8 

744 (2) 


734 vs 

734 V8 



726 V8 

761 (0) 






798 (6) 

796 (4)P 

780 vw 

780 vvw 



792 sh 

812 (6b) 

812 (4)P 

806 vw 





840 (1) 


«82 vw 

878 8h 

!»25 mb 


934 m 

920 wb 



940 m 

060 vvw 





991 (1) 

1003 (10) 

1001 (10)P 

1004 w 

1004 vw 

1002 sh 


1000 sh 

1031 (8) 

1030 (4)P 

1033 8 

1030 m 

1029 w 

1028 w 

1028 w 



1080 s 

1076 mb 


1080 w 

1070 w 

1167 (4) 

1163 (3)P 

1161 8h 

1165 vw 



1165 wb 

1188 (4) 

1189 (4)P 

1190 w 

1182 vw 




1192 (7) 


1332 vvw 

1331 vvw 

1230 vwb? 

1325 sh 




1378 w 

1388 sh 




1414 (6) 

1413 (3)P 

142 A vs 

1420 sh 

1418 m 

1420 w 

1414 a 



1468 8 

1468 s 

1464 m 

1466 V8 


1499 (0) 

1496 (2)D 

1600 s 

1600 8 

1498 m 

1499 s 


1686 (6) 

1690 (1) 

1690 sh 

1686 sh 


1684 s 


1602 (6) 

1605 (4)D 

]606ni 

1604 m 

1602 vvw 

1604 m 

1604 vvw 

2262 (6) 

2260 (4)P 

2266 m 

2262 sh 

2268 w 

2215 s 

2260 w 

2914 (6b) 
2984 (3) 

3011 (3) 

2920 (4)P 

2950 m 

2924 w 

2906 w 



3046 (3) 

3069 (9) 


3060 m 

3048 mb 

3062 mb 


3060 m 

,30664flb) 

,3069 ^6b)P 



' - 





Vibrational Frequencies of some Benzyl Compounds 767 


TABLE IV 
Benzyl amine 


Raman shift (Av cm Jiifrarcrt bonds (v cm' *) 


Landolt 

Bdmsteiii 

(1961) 


168 (4b) 
404 (1) 
482 (2) 
670 (1) 
620 (8) 
645 (0) 


750 (1) 
782 (5b) 
846 (1) 


989 (1) 
1001 ( 10 ) 
1028 (6) 
1058 (1) 
1157 (6) 
1179 (2) 
1202 ( 5 ) 


1390 (1) 

1452 (2b) 
1491 (O) 
1682 (4) 
1604 (8) 
2869 (1) 
2946 (2) 
3006 (2) 
3036 (2) 
3054 (8) 
3062 (8) 
3314 (2) 
3380 (0) 


Sirkar 

‘and 

Bishui 

(1946) 

176 (2b)I) 
412 (Ob) 
483 (0b)P 

628 (2)D 


740 (0) 


788 (2)P 
S34 (0) 


1007 (5)1’ 
1930 (2)1’ 

1160 ( 2 ) 1 ’ 

1207 (4)1’ 


1402 (0) 
1458 (3)D 

1690 (1)1) 
1608 (8)D 
2872 (2)P 
2935 (3)r 


Ptoseiit 

aflathor 


157 (4b)D 
412 (2b) 
490 (2b) 
580 ( 1 ) 
622i(6)D 


751 (1) 
783 (4)P 
846 (1) 


1002 (10)P 
1024 (4)1* 

1166 (4)D 
U76 (2) 
1206 (4)P 


1401 (1) 
1469 {2b) 

1689 (2) 
1603 (5)D 
2866 (2) 
2920 (2) 


Puro 

Liquid 

Thin 

Film 


696 v« 

734 v»b 

770 (h) 

810 s 
836 VK 
870 vsb 

910 VH 

090 m 
996 m 
1024 m 
1052 m 
1150 vw 

1200 vw 
1290 w 
1320 w 
1384 m 

1456 vs 
1498 vs 
1698 vsb 

2865 s 
2025 H 


Leysori 

and 

Rysselborgo 

(1963) 


696 


797 


1000 

1026 

1068 

1153 


1290 

1383 

1453 

1497 

1608 


3067 (5)P 

3063 (lOd)P 

3310 (2)P 3312 (2)P 


3100 VB 


3289 

3378 
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TABLE V 

FrequenoieB of vibration in Benzyl compounds 




Present Author 


AaaiflmwiAvt'f 

Benzyl 

Chloride 

Benzyl 

Bromide 

Benzyl 

Cyanide 

Benzyl 

Amine 

Assignment and 
corresponding 
mode in Benzene 

xxoai^uuent 
due to 
Kohlrausoh 

137 

121 

135 

157 

lOB eg- 




216 


CHaX 


267 

243 

236 


CHaX 


332 

314 

323 


16B 




360 


CHaX 





412 

16A 


, 472 

450 

424 

480 

6A eg* 




470 


CHaX 


558 

551 


580 

CHaX 


620 

613 

619 

622 

6B eg* 

i7 A A B 

673 




CHaX ? 


700 ? 

690 

696 

695 

11 Oa^/ 



751 

751 

751 

4 b^g 

6 

764 

763 

796 

783 

12 bill 


813 

807 

812 

810 

CHa Rock 




849 

846 

lOA ef 

lOB & A e,~ 

876 

888 

882 

870 

17B e«+ 


920 

910 

920 

910 

18B Cff 


965 

970 

940 


17A 


982 


991 

990 



1000 

1001 

1001 

1002 

1 a^g 


1080 

1031 

1030 

1024 

18A e%r 

18 A e*- 

1071 

1065 

1076 

1052 

15 hgU 


1162 

1165 

1153 

1166 


9Be/ 





\oHa twist 


1185 

1183 

1189 

1175 

9Ae/ 

9Ae/ 

1205 

1205 

1192 

1200 

v(CHa-X) 


1258 

1229 

1230 


CHa*Rook 
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TABIiU V (coTitd,) 


Present Autohr 

Henzyl 

Chloride 

Benzyl 

Bromide 

Benzyl 

Cyanide 

Benzyl 

Amino 

Assignment and 
oorrosponding 
mode in Benzene 

Assignment 
duo to 
Kohlrausch 




mo 

V 


1323 

1316 

1331 

isio 

3 a^g 

3 

1390 

1376 

1378 

13114 

14 62 W 

15 b^u 

1439 

1438 

1418 

14^1 

CH2-8ci8Sor 


1450 

1462 

1465 

14|0 

lOB e„- 


1497 

1494 

1495 

14(te 

lOA Cu- 


1590 

1585 

1690 

I5«9 

8A c/ 


1607 

1608 

1605 

1603 

8B eg-^ 




2250 


(C - N) 





2866 

? 


2960 

2969 

2920 

2920 

V (CH), of CHaX 


3024 


3046 

3036 





3069 




3067 

3063 

3069 

3067 







\ 7B eg* 





3062 

' 13 b,u 


3065 



:noo 

r20A e,*” 






t20B c„“ 





3312 

V (NH), 





3378 

V (NH)a 



not been identified. In the Raman spectra of benzyl chloride, benzyl bromide 
and benzyl cyanide there arc polarised Raman lines of medium intensity at 267, 
243 and 236 cm""^ respectively. Tliese frequencies might arise from a mode of 
vibration similar to that giving rise to a strong polarised Raman line at 283 cm“^ 
in dichloromethane (Herzberg, 1956). All the proposed assignments are given in 
table V. 

Besides the frequencies arising oiit of the vibrations of CH 2 group there (are 
certain characteristic group frequencies which are easily recognised. The strong 
polarised Raman line at 2250 cm""^ in benzyl cyanide arises from the stretching 
vibration of the CsN bond. The intensity and position of the nitrile band in the 
infrared absorption spectra due to solutions in different solvents are found to 
alter consid^bly. 

8 
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In the case of benzyl amine a weak polarised Baman line at 3312 cm-^ has 
been obseired. Beitz and Stookmair (1935) have reported two bands at 3307 
and 3386 cm~^ of which the latter is very weak. Leysen and Bysselberge (1963) 
have observed two bands at 3289 and 3378 cm"^ in the infrared spectrum of benzyl 
amine. These two bands are easily assigned respectively to the S5nnmctric and 
asymmetric N-H stretching vibrational frequencies of the NHg group. In addi- 
tion to the frequencies of vibration whoso assignments have been discussed abovo 
there are certain other frequencies in the spectra of the benzyl compounds which 
in all probability arise from the vibration of the ^ CH^X group. These froquenci(>s 
are marked in table V but no attempt has been made to propose any definite 
assignment of these frequencies. 
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ABSTRACT. Crystals of glycocyaniin^ hydrobromide, C3H7O2N3. HBr, belong to 
the monoclinic space group P2i/c with cell dimensions a = 5.53A, b =* 13-52A, c = 9.2oA 
and ^ *= 92^. There are four molecules per unit cell. I'ho structure has been solved by 
jhreo dimensional Patterson and heavy atom (bromine) phased Fourier synthoses. The 
coordinates of the atoms (hydrogen atoms excluded) with their isotropic temperature 
factors have been refined by two-dimensional least-squares method. The molecule of 
glycooyamine is charaotorised by two planar groups, e.g. the carboxyl group and the 
guanidyl group. Tbo molecule is not a zwittorion, the two C — 0 bond lengths in the 
carboxyl group being 1.28 A and 1.34 A. The molecules in the crystal are held together 
by a three-dimensional network of hydrogen bonds of the types N—H 0, N—H 
Br and O—H Br. 


INTRODUCTION 


Glycocy amine or guanidoacetic acid has the following chemical formula 


/ 


rNm 


nh -=C<^ 

\NH-CH4-COOH 

Though not included in the list of standard amino acids, guamdoacetic acid, 
liko amino acetic acid (glycine), plays an important biological role so far as the 
formation of creatine, a metabolic product of great interest, m the living sys em 
is concerned. Glycooyamine forms a part of our general program of study ol the 
influence of various substited groups in the a-amino or the side chain gr p 
different amino acids on their crystal structure, configuration and electronic 
charge distribution. The study of the structure of glycocyamine m , 

its different hydrohalides and metal complexes is in progress * 

This short communication deals with the crystal structure of glycocyamine 

hydrobromide. 

UNIT CELL AND SPACE GROUP 

Single crystalB of glycocyamine hydrobromide were ^own m the ^ 0 ™ °^ 
colourless plates by slow evaporation of an aqueous solution o w comp 
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at room temperature. Due to long exposure to ordinary atmospheric conditions, 
the sample was found to lose its single crystal characteristics. The crystal was. 
therefore, coated with durofix and kept in a sealed thin walled glass capillary foi 
taking X-ray photographs. The unit cell dimensions as determined from rota- 
tion and Weissenberg photographs are : 

a = 6.63A. b = 13.62A, c = 9.20A, fi = 92°. 

The systematic absences of hoi reflections with I odd and oko with k odd indicate 
that the space group is P2i/^. The density of the crystal as determined by the 
method of floatation is 1.85g cm“®, while the calculated value assuming four formula 
imits of CjH^OaNg.HBr is 1.89g.cm~^ 

Three dimensional intensity data were collected about a and c axes by multiple 
film equi-inclination Weissenberg technique using CuKa radiation. The intcii- 
sities were estimated visually and corrected for spot size, Leorentz and polari- 
sation factors. The linear absorption co-efficient of the crystal for CuKa radia- 
tion was 82 cm”^. No correction for absorption was, however, made at the initial 
stage but due to slow convergence of refinement it was found necessary to make 
the absorption correstion at a later stage of refinement. The intensity data ob- 
tained from different layers were put on the same relative scale by cross layer 
correlation method and were put on the absolute scale by Wilson’s method. 


STRUCT CJRE DETERMINATION 

The positions of the four heavy atoms (Bromine) in the unit cell were deter- 
mined from two Patterson projections on (100) and (001) shown in Pig. 1 and Fig. 
2. An attempt to derive the structure from these two sets of intensity data, 
i.e, okl and hko reflections, was not successful. Consequently, three dimensional 
intensity data were used for the determination of the structure. A three dimen- 
sional Fourier synthesis was calculated using observed structure amplitudes to 
which phases were assigned from four bromine atoms. The computation for 
Fourier summation was done on the C.D.C. 3600 computer using Fourier program 
written and kindly supplied to us by Dr. Blount. The Fourier synthesis revealed 
the structure completely. Structure factors for all reflections were then calcu- 
lated using the co-ordinates of all the atoms in the molecule and the disagreement 
factor iZ = S ( I Fg I — 1 I )/S I Fo I was found to be 32%. 

The atomic parameters have been refined by the least squares method on 
IBM 1620 using G. A. Mair’s program. The B value at this stage came down 
to 16.6% and 18.6% for oU and hko reflections respectively. The atomic para- 
meters at this stage of 21>*refinement are given in ti^ble I, Intramolecular and 
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intermolecular bond lengths and angles are given in table 11 and 111 and 
matioally shown in fig. 3 and fig. 4 respectively. 


digram 



l<ig. 1. Pattorson synthesis of glycocyainitio hydrobromide projected on (100). The Br Br 

peaks are indicated by crosses. 



Fig. 2. Patterson synthesis of glycocyamino hydrobromido projected on (001). The Br — Br 
peaks are indicated by crosses. 



Pig. 3. Bond lengths and bond angles Fig. 4. Projection of the structure along the a axis, 
of glyooeyomine hydrobromide. The dashed lines indicated the hydrogen bonds. 
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J^ISOXJSSION OF THE STRUCTURE 

The two C-0 bond distances in the carboxyl group of glycooyamine hydro- 
bromide have been found to be C(l) — 0(1) = 1.28A and C(l) — 0(2) = 1.34A. 
This indicates that the hydrogen atom is bound to the carboxyl oxygen 0(2). The 
bond distances C(2) — C(l) = 1.55A and C(2)— N(l) = l.SOA (table I and fig. 3) 
agree well with the average values 1.36 A and 1.60 A respectively for these bonds, 
as deduced by Hahn (1967) from other amino acids. The three C — bond distances 
in the guanidly group of glycocyamine hydrobromide i.e. C(3)— N(3) = l.SOA, 
0(3) — N(2) = 1.421 and 0(3) -N(l) = I 36A compare well with those of Arginine 
hydrobromide (Wyckoff, 1966) but are slightly different from those of arginine 
dihydrate (Karle et al, 1964). 

TABLE I 

Glycocyamine hydrobromide ; Atomic co-ordinates and temperature factor 


Atom 

x!a 

!h 

z!c 

B(A) 

Br. 

.1695 

.1340 

.0301 

1.71 

N(l) 

.7265 

.1249 

.4397 

3.00 

N(2) 

.3649 

.1687 

.3528 

1.00 

N{3) 

.5986 

.0404 

.2295 

1.00 

C(l) 

.8363 

.1235 

.6802 

2.74 

C(2) 

.6610 

.1790 

.5737 

4.00 

C(3) 

.5619 

.1033 

.3332 

0.81 

0(1) 

.9889 

.0560 

.6508 

2.18 

0(2) 

.8134 

.1840 

.7938 

3.11 


TABLE II 

Glycocyamine hydrobromide : Intramolecular bond lengths and bond angles 


Bond length 

A 

Bond angle 


0(1)— 0(1) 

1.28 

0(l)-C(l)-0(2) 

133** 

C(l)— 0(2) 

1.34 

0(1)— C(1)““"C(2) 

128° 

C(l)-C(2) 

1.65 

0(2)— 0(1)— 0(2) 

97*^ 

C(2)-N(l) 

1.60 

0(1)— 0(2)— N(l) 

98° 

N(l)-0(3) 

1.35 

0(2)— N(l>-0(3) 

122° 

0(3)— N(2) 

1.42 

N(l)— 0(8)— N(2) 

106° 

0(8)— N(3) 

1.30 

N(l)— 0(3)— N(3) 

124° 



N(8)— 0(8)— N(2) 

180° 
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TABLE in 

Intormolecular bond distances and angles 


Hydrogen bond lengths 

0 

A 

Hydrogen bond angles 


N(1)-~H . 

...0(1) 

:j.04 

<'(l)-0(2) 

...Br 

111' 

N(3)-H . 

...Br 

3.21 

t!(2)--N(l) . 

...0(1) 

140“ 

N(2)-H . 

...Br 

3.17 

t'(3)- N(l) . 

...0(1) 

88“ 

N(2)-H , 

,...Br 

3.31 

C(3)-N(3) . 

...0(J) 

85“ 

N(3)-H , 

....0(1) 

2.82 

C(3)--H(C) . 

...Br 

92'’ 

0(2)-H . 

...Br 

2.97 ! 

0(3)-N(2) . 

...Br 

146“ 




tH3)-N(2) . 

. .Br 

9r 


The molecidar packing of glycocyamino hydrol)ronii(l(' niolocuk's in the 
crystal viewed along a axis is shown in Figb.4. There are six hydrogen atoms in 
each molecule of glycocyamine hydrobromide available for liydrogen bond forma- 
tion, one from the carboxyl group-OOOH and tivo from the guanidyl ion N' Ho 
~ C(NH 2 )~NH— . The guanidyl ion makes three hydrogen bonds with bromine 
ions and two with carboxyl oxygens. The hydrogen atom attached to the carboxyl 
oxygen 0(2) makes hydrogen bond with bromine ion. Thus all the hydrogen 
atoms available for hydrogen bond formation or in the other words all the avail- 
able sites for hydrogen bond formation have been satisfactoiily accounted for. 

Further structural details and conformalion will be published ol.sewh('rc 
in due course. 
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SPACE GROUP AND UNIT CELL DIMENSIONS OF 
COPPER MONOCHLOROACETATE 2.5 HYDRATE 

INDRANI MUKHERJEE (ne6 DASGUPTA) 

Maoitetisu Dxpabtmbnt, 

Indian Association tob thb Ctotivation of Scibnce, 

Jadavpdb, Calcutta-32, India. 

(Received November 10, 1067) 

The measurement of the magnetic susceptibility of copper acetate mono- 
hydrate within the range of 300°K to OO^K, has shown that close down to 262"K 
±l°K, the susceptibility follows roughly Curio Law, it rises to a maximum at 
that temperature and falls rapidly thereafter (Guha, 1951). The study of the 
electron paramagnetic resonance of the salt, predicted the existence of isolated 
pairs of copper ions coupled by exchange interaction forces, with eifective 5=1, 
and that each copper ion is bonded by four oxygen atoms in a piano (Bleaney 
et al., 1952). The presence of this type of pairs of copper ions which are known as 
dimers was corroborated in the structure analysis of the 8a]t(Nieckerk etal., 1963). 
Since then, such occurrences have been predicted in quite a number of copper 
salts like copper propionate monohydrate (Mitra et al., 1964), copper mono- 
chloroacetate monohydrate (Abe, et al, 1961), Copper monochloroacetate, 2.5 
hydrate (Ablovc/fld., 1961) etc. In the present note, preliminary data on the 
structure of 2 [Cu (CHjCl COO )g]5HjO, are reported. 

The crystals of 2 [Cu(CHgCl COO)j] SHjO were crystallised by the slow 
evaporation of an aqueous solution of the substance. These are prismatic 
monoclinio crystals with bright bluish green colour. 

The unit cell dimensions were obtained from rotation and Weissenberg 
photographs. The dimensions are given below : 

a « 16.851 5 sa 13.731 0 = 17.241 ;» = 90’ 
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Zero and first layer Weissc^nberg photographs along b axis wore taken and 
the systematic extinctions w(*ie observed. These are as follows : 


hkl 

no condition 

hOl 

h~\~l — 2n absent 

OAO 

k = 2//4'l absent 


The above conditions assign the space group as P2Jv. 

The density as determined by floatation nic^thod by using a mixture of bromo- 
form and benzene, is p = 1.91 gm cm“*. 

The density calculated by considering (‘ighi moh'cules per unit cell is 
/> =-- 1.95gmcm~^. 

1 urthcr work on the detc'rniiiiation <)f the completf* structure of the crystal 
is ill progress. 

The author express(,‘s her sincen^st gratitude to Mr. S. Ray, Research Officer, 
Department of Magnetism, for suggesting th(‘ problem and for eonstant helf) and 
guidance throughout the work, and to Prof. A. Bos(% D.iSc., F.N.l.for the kind 
interest taken by him. Thanks are also du(‘ to the C.S.l.R. for financial 
assistance. 
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X-RAY STUDY OF THE MONOCLINIC MODIFICATION OF 
PARA ACETOTOLUIDIDE CRYSTALS 

B. KHASWAS* 

Indian SenooL op Minks, Dhandad, India. 

{RecHved Morch 73, 1967) 

Acetyl -para-Toluidiu i.(?. Para A(H'totoluidid(^ (CR 3 (^ 6 R 4 (^ONRCH 3 ) (rystab 
lises in two modifications Boilstein — one stable as platy moiioclinic crystals and 
another metastabk^ as rhombic^ needle like (*rystals ri\spe(‘iively on slower and 

♦Present address : Physios Division, Indian Agricultural Research Institute, New Delhi. 
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quiok(*r evaporation from its saturated solution in alcohol at room tompciraturc. 
The melting point is however the same for both the modifications. 

The appearance of the two modifications of crystals which are obtained from 
the alcohalic solution of the sid>stanoe at room temj)erature and have the same 
melting point hut belong to two different (Tystal systems is rather uncommon. 
The explanation is presumably to be sought in the internal disposition of the atones 
of the molecides in the unit cells of the crystals. With this end in vii'W an X-ray 
study of the stable modification w as undertaken. 

The six sided })laty flake crystals were examiiu'cl w'ith the* help of a Fuess 
Horizontal Oirele goniometer. The interfacial angles measured w'ere found to be 
tile same as tliose recorded in Groth (1917). Oscillation and Weissenberf; 
photograplis of thest! crystals along [010| and fOOl] using CvK radiation gave 
the following unit cell parameters ; 

a - 11. 099 A b D.fiSbA c = 7.599 A /) -- lOfi.O" 

The axial ratio thus calculated as 1 .2(M)9 : 1 : 0.7841 is in good agreement w'ith Ibal 
of 1.2176 : 1 : 0.7868 given by Groth (1917). 

The normal beam zero, 1st. and 2nd. layer W^insseuberg jihotograjihs along 
b and c axes gave the following conditions limiting jiossilde reflections ; 

hkl ; no condition, 

hoi :(l = 2n). 

oko : no condition 

The crystals are thus assigned to the space-group C 2 *F 2 /e. . Tlui <leusitv as ob- 
tained by flotation method in a solution of ZnSO.i in water was found to lie 1.19 
gm/c.c. The calculated density for four molecules unit dell is 1.21 gm/c.c. 
Further work is in progress. 

The author expresses his sinciwest gratitude to Dr. J. Dhar, Professoi’ ol' 
Physics, Indian School of Minos, Dhaubad for his valuable guidauco during tlie 
progress of the work. 
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EXCITATION SPECTRA OF EVEN-EVEN NUCLEI OF 
NON-DEFORMED REGION 

R. V. KAMAMOHAN 

Dkpartment of Physics, Uhiveksity of Aoeicolturai. Sciences. Bangalore, India, 

(Rfceived Aitgtfst 29 , 1967 ) 

Angular correlation studies of tlireo eveti-even radioaittive nuclei, namely 
Fe"'", and which coim^ under the non-deformed region of mass 40 

</l<154 where undertaken by Rama Mohan c? al (1965 and 1967). in order to 
assign the spins of the excited statics and the characteristics of transitions, by 
using a slow-fast triple coincidence scintillation spectrometer. These experi- 
mental results are now analysed with those jnedicted theoretically on the basis 
of various existing models by Boln- and Mottelson (1953), Davydov and Fillipov 
(1958, 1960), Mallaman (1961), Raz( 1959), iSchraff f/-Goldhaher eH »/! (1958) and 
Wilets and Jean (1956). 

The general characteristics observed by the ('xperimental studies of Rama- 
raohan e.t ah are 0+, 2+ spins for th«‘ ground and first excited (1966) 1867) 
states for all the three even-even nuclei, with quadrupole mull i polarities in the 

transition from the first excited state to the ground .state. 

The spin of the second excited state of is oharaotf'riscd by spin 4 where 
as those of the remaining two tiuelei by the spin 2. These characteristics of Te^*^ 
confirm the Bohr-Mottelson’s model, for even-even nuclei with the ground state 
rotational bands with 0+, 2+. 4+ values. There is. however, an exception to the 
regularities observed in the even- even nuclei in the region 40 vl ^ 154. The 
ground state rotational band in even-even nuclei are characterised by consecutive 
states with A/ being 2 and the transition proceeds by a cascade of pure E2. 

According to Scharff- Goldhaber and Weneser, the following characteristics 
are observed in the region of 66 ^ >1 ^ 154. The ratio of the energy of the second 
excited state to that of the first excited state ranges botwt*en 2 and 2.5. The low 
lying states usually have the spin sequence 0+, 2+ and 2 • and the E2 cross over 
transition occurs w'ith greater probability than the upper transition. The cross 
over transition 2+— > 0+ proceeds by E2 while the upper transition is predomi- 
nantly E2 with a small admixture of Ml. Coulomb excitation data also indicate 
that the probability for a transition from the first excited state to the ground state 
is higher than that which would be (‘xpected on the basis of a single particle model. 
This fact reveals that the large E2 transition probabilities in case of lighter ele- 
ments are due to collective excitations of individual nucleons. Besides, it is also 
noted that the energy of the first excited state increases as the number of 
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neutrons or protons approaches to the completion of the shell and shows a 
prominent peak at the filled shell. These facts predicted theoretically by nuclear 
models are noticed in the level characteristics of Fe^® and arrived by th(‘ 

experimental investigations of Ramamohan et al, (1966, 1967). 

The spin sequence of the ground, first and second excited states of Fe®® and 
arc obtained as 0, 2 and 2. The ratio between the energies of the second 
excited state to the first one is respectively 2 and 1.93. Further the transition 
from the second to the first excit<ul state is characterised by E2+M1 multipolari- 
ties. This result confirms the validity of the theoretical predictions of Mallanian 
(1961). The O'* , 2+ and 2 * pattern in the low lying excited states is mainly dn(‘ 
to collective vibrations of individual nucleons. 

The slight decrease in the value of the ratio between the energies of t he second 
excited state to that of the first for Ba^®^ is due to t he fact that the neutron numl)(‘r 
78 of that isotope is in the vicinity of the magic number 82. 

The harmonic pattern of energy levels of Ba^®^ at energies 605 keV. 
1168 KeV and 1845 keV with the spins 0, 2 and 4 and with the dipole radiation 
in 4--> 2 transition is in agreement Avith the Bohr-Mottelson’s predictions of 
weak to moderate coupling model. 

The 0, 2 and 2 spin levels with (‘iiergies OkeV, 800 keV and 1600 keV, ob- 
served in the studies of Fe**® by the same investigators Ramamolian ei al,, form 
the harmonic pattern supporting the theoretical predictions of Bohr-Mottolson 
model in the region of strong coupling with iinslable potential. 

Hence, it is concluded that the nuclear excitation spcictra arrived by (experi- 
mental studies is in good agn'ornent with that predicted by theoretical methods, 
using the various nuclear models. 
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THE MAGNETIC PROPERTIES OF SPECULAR HEMATITE 

A. K. MUKER.1EK 

Department of Magnetihm, Indian Ahsooiation for the (Vi.ttvat.on or RriENiE. 

CALCtTXTA-32, India 

{Receiveft Novemher 11 . Ii)67) 

The temporaiuro variation ol monetisation and siiseeptibilily of sfieeiilar 
hematite (~99.1% a-Fe..O.„ origin Mt. Popa, Burma; obtained from the collec- 
tiona in the laboratory) has been studied in the range of 10(1 K to KKIO' K 
for fresh as well as samples hi'ut tr(>ated to a temperature of lOOO'K. The results 
are shown in fig. 1. 



Pig. 1. Magnetisation (a) aiul susceptibility (X) at different temperatures of single crystals 
of hematite for fresh an.l heat treated samples. (1) along the basal plane (2) along 
the trigonal axis. 
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For fresh samples the temperature variation of field independent susceptibi- 
lities both along the c-axis-and in tht* basal piano agree well with the findings of 
Tasaki and lida (1963) on syntlu'tie hematite, but there the ferromagnetism, 
unlike ours, appears only along the plane above Morin temperature (~250'^K) 
and at lower temperatures no ferromagnetism exists at all in either of the direc- 
tions. In respect of the tempei ature variations of both the susceptibilities and 
the fiuToinagnotisrn in the plane, the present observations resemble those? of Ner J 
et al (1952) and Lin (1959), on very pure natural crystals, but differ with their 
observations of fcrromagnrd-isni along tlie c-axis. Lin (1959) observed consider- 
able ferromagnetism along the axis below th(‘ Morin t emperatun* (~250®K) which 
falls sharply to a low value at liiglrer t(‘inperatures. Neel cf al,, (1952) no douhl 
observed consid<u*able feriomn.grKdism at lower* f(rn])er*atnres (belov'~25()''K) 
but its temperature variation unlike tlu' observation of Lin (1969) was ratlui 
slow. In onr case on the contrary the ferromagncdJsm atong the c-ax s vanislK s 
beloM' ~250^K and appears rather sharply abovt' this temperature. 

The measurements on l)eat treated samples agree closely with those of Milker j(‘<* 
(1967), the magnitude of magnetisat ion and snseeptibilitv increasing eonsiderahl\ 
and the sharp changes at ~250®K vanishing altogether. 

The author is thankful to Shri A. K. Butta for his constant guidance and 
Professor A. Bose for his kind interest in the work. 
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A SIMPLE EXPERIMENTAL DEMONSTRATION OF THE 
BREAKDOWN OF FARADAY’S LAW OF ELECTROLYSIS 

SANTl R. PALIT 

Dbjpartmknt of PjHYsicAii Chemirtry, Indian association for the Ccltivatton 
OF Science, Jadavpub, Calcutta-32, India. 

The author adduced experimental evidence (Palit, 1967) indicating wide 
deviation from Faraday’s law in the electrolysis of weakly conducting solutions, 
particularly conductivity water. Since this fact runs counter to a long accepted 
idea, the author presents here a simple experimental device which conclusively 
demonstrates the failure of Faraday’s law. 
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Experimenial-^-Tlm experimental arrangement is showji in hg 1 
two conical flasks one contains a 0.5N potassium sulphate^ solution whieli '1* ri r 



recommended as a eoiilometrie solution f>y l^ingaia* (1945); the other contains 
conductivity watei*. Kach flask is provided with iwo ])latiiuim electrode's (I cm < 
0.5 cm) and the two flasks an' connected in series. With tlx* three-way stopcock 
open to the atmosphen'. a current of about oiu' to two railliampercs is passed by 
applying tht* D.(l mains voltage' (280 volts). This is (5ontiiuied for a few hours 
until the^ two solutions b(^cotne saturated with electiolytie gas. The* stopcock is 
then closed so that the gases do not ('scajie to the atmospiiere but collect on the 
opposite sides of th(*> manometer, ff Parady’s law is valid, cujual (piantities of 
gas would g('.t ciilleoted on both sid(^s. Since tlx' two empty spaces are approxi- 
mately of ('.qual voliiine, the manometer would thertdorf' show hardly any diffi'i- 
erice of pressure with ])rogress of electrolysis. However, if the author’s idea tlmt 
Faraday’s Jaw is not valid and predominantly non-eloctrolvtic conduction takes 
place in the electrolysis of watf3r, is correct, the manometi'r would indicate in- 
creasing pressure in the coulomoter (potassium sulphate solution) side vdth pro- 
gress of electrolysis. 

Experi mental 1^^ using a small ('Uipiy space in each flask it is observed that 
^ difference of level is increasingly produced with progress of electrolysis, the 
coulomoter side building up the higher pressure. This convincingly demonstrates 
the breakdown of Faraday’s law in the electrolysis of water. The demojistration 
can be repeated again and again by releasing and equalising tlie pressures on both 
sides of the manometer by proper turning of the three-way stopcock followed by 
closing the stopcock. With our set-up the rate of production of level difference 
is observed to be about thirty mm per hour for 2 milliampero current. This on 
conversion to volume taking into account the dimension of the apparatus means 
that barely one-third of the Faradaic value of the electrolytic gas is liberated 



784 


Letters to the Editor 


oil electrolysis of pure water. The fact that an appreciable difference in level 
can b(^ demonstrated in less than half an hour makes this simple experiment 
a gn^ai success as a lecture demonstration. In addition to the above differential 
measurement which very convincingly demonstrates the failure of Faraday’s law 
this apparatus is also very suitable by connecting on(‘ side of the manometer to the 
atmosphere for measuring th(' rate of gas evolution singly in any one of the colls. 

Our above observations confirm our previous finding that Faraday’s law falls 
short considerably in th('- electrolysis of water. Such wide discrepancy is difficult 
to be explained by assuming side reactions, for example, by assuming // 2 O 2 
mation at anode and reduction of th(i same at cathod(>, as suggested by Page and 
Lingane (1057) to bf' responsible' for small observed deficit in hydrogen oxygen 
gas coulomt'ter. It appears that with decreast^ of ionic concentration and current 
strength, and increase of voltage, the current tends to be carried by a mechatiisni 
different from that envisaged by Faraday’s law. As to the mechanism of this 
lion-electrolytic conduction, it is recalled that in some crystals as also in solutions 
of sodium in liquid ammonia partly ionic and partly electronic conduction simul- 
taneously takes plac('. In w^at<'r medium the elf^ctronic conduction is more likt'ly 
to be through lh(^ internuxliacy of charged watt'r molecules, and 

particularly as hydrated eh'ctron has been shown to ('xist duidiig ek’sctrolysis oi’ 
sodium sulphate solution by Walker (1906, 1967). Howeyer, w(' prefer to k(M‘j) 
th(' question of dc^taih-jd mechanism open until moiH». definite' evidence is forth- 
coming. Detailed n'sults with this apparatus will ht‘ pu))lisht^d later. 

Thanks are due to Sri Prithwish Kumar Basu for expiuiinental assistauei'. 
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A NOTE ON LONGITUDINAL DISTURBANCES IN A 
SEMI-INFINITE PIEZOELECTRIC ROD IN A 
MAGNETIC field 


D. K. SINHA 

J>KPARTMfiNT OF MATHEMATICS, JADAVeUR UnIVEKSITV, CaLCUTTA-32, IKDIA. 

{Received December 6, 1967) 

The piezoelectric problems constitute an important branch of study in view 
of their applications in ultrasonics and acoustics and these problems have been 
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considered by Sinha (1962, 1963, 1966a, 1965b, 1968a. 1968b) and Das (1967), 
but these do not take into account the influence of a magnetic field. 

The effect of a magnetic field on the disturbances in a piezoelectric material 
has been, perhaps, studied first by Benes and Soska (1964). The present note is 
an effort towards to this end and it seeks to investigate the disturbances when 
a piezoelectric bar is acted upon by a magnetic field. The Laplace transform 
serves as an important tool for the solution of the problem. 

A semi-infinite pczoelectrie bar is actctl upon by a inaguotic field r(>presented 
by the magnetic induction B in a direction prpendicular to the direction of the bar. 
To the finite end, taken to be x — 0, a time-dependent displacement is applied. 
Our object is to determine the longitudinal disturbances in the bar that sliun from 
the interplay of mechanical and electromagnetic fields. The fundamental equa- 
tions are, therefore, given by, vide, Bmes and Soska (1964) 


dx^ ^ \ dt ^ dx^ dt dt J 


: p 

^ dfi 


( 1 ) 


= 


duk , du^ 
dxi dxjc 


(2) 


where the notations have their usual meanings as in Bones et al (1964). For 
longitudinal disturbances in the direction along the a;-axis, with no eh'ctric 
field, the above equations give 


C, 


22 


d^u 

dx^ 


^ dxdt 


d^u 

dF 


... (3) 


The boundary conditions give u->0 as oo, ... (4) 

u == at a; = 0 ... (5) 

where jPq is a constant and H(t) is a step function of force, equal to unity when 
t > 0 and equal to zero when ^ < 0. 

To solve the problem, let us use the Laplace transform f(p) of a function 
/(O,^ of parameter p, given by 


I(P) = J (Re(p) > 0) 


... ( 6 ) 


Taking the Laplace transform of (3), we have 


dx^ 


o.. 


10 
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Tho solution of this equation is given by 

u = CiC+wf +C'*c+»»,* 

where m 2 are the roots of the equation 

Cajm*— Ci,2j) Bm — pp^ = 0 

Tho conditions (4) and (6), give u-> 0 as z-¥ 00 

tt = — at ® = 0 
P 


Hence (7) polds, on using, (9), Cj = 0 
We can write 

m *2 = P'N/Ci» 2 *^*+^P ^22 where 

Using (10), we have 



Therefore, 


^ ^ 2 ^ hJ 6^f^B^^^hC22 

P 

Inverting this transform we have 

« = 0, 0<t< \/Cj,2*J5*+p(782 

= Po, t> 

which gives the displacement. 


... ( 7 ) 

... ( 8 ) 
... (9) 

... ( 10 ) 
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THE CRYSTAL STRUCTURE OF POTASSIUM HYDROGEN 
FUMARATE, KC^HjO^ 

M, P. GUPTA AND P. K. ROY 

Depahtmeutt op PHYsicii, Ukivbebity OP Ranchi. 

{Received Jmuary S, 1968) 

The potassium salts of fumaric acid have been studied by Gupta (1966), 
Gupta and Bames (1961). The presort work reports the preliminary results of 
X-ray crystal structure analysis of potassium hydrogen fumarate, KC 1 H 3 O 1 . 
The crystallographic data for the substance arc given below and are the same as 
reported by Gupta and Barnes (ibid) 

a = 6.952A, 6 = 7.483A, c = 6.24A, a = 107“ 06', /? = 117“00' 
y = 96° 04', V - 266.6A*, p - 1.936 gm/cm» 

Z = 2; Sp.gr.PI ; linear absorption co-cfBcient for CuKa = 82.0 cm"^ 

Reflexions of the type okl, M, hko, hU and hkl were coUected using smaU single 
crystals and Weisaenberg normal beam zero layer photography around appropriate 
crystallographic axes. Intensities were estimated visually. There was some 
difiiculty initially in locating the potassium atoms from the Patterson projections 
but once they were located, the heavy atom technique was adopted and after 
normal Fourier methods had been exhausted, least squares refinement of the ex- 
perimcntal data was undertaken, using only an overall isotopic temperature factor 
and unit weights. Figure below gives a view of the structure as looking down the 

[ 100 ] axis. 



R factors after several cycles of least squares refinements are 
R[oU) 14.6; Rm 14.0; W W-SJ 
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The bond lengths and angles of the fumarate group are similar to those reported 
for fumaric acid (Brown 1966, Post et al, 1066). The interesting features of the 
structure, however, arc as follows : 

(1) The fumarate group, unlike in the fumaric acid structure, is non-planar, 
one of the two carboxyl groups being twisted by as much as 36® out of the plane 
of the rest of the atoms. 

(2) Hydrogen bonding of 2.631 between two adjacent molecules, forming 
an extensive chain of molecules inside the crystal. The hydrogen bonds, more- 
over, are between two oxygen atoms, both of which are of the type OH... OH (i.c. 
longer of the two C-0 bonds in a COOH group) and this situation is similar 
to that observed in the structure of bisphenylacetate, (C 4 H 5 CH 2 COO) 2 HK, 
(Speakmanl 949, Bacon and Curry 1957). 

(3) A five-fold co-ordination of oxygen atoms around the metal ion with 
K“^ — 0 distances ranging from 2.741 to 3.031. The surrounding of the metal 
ions by the oxygen atoms provides for combinations of distorted octahedra and 
tetrahedra. 

As the result (1) and (2) above have interesting points of stereochemistry and 
packing to settle, further work is being done to refine the structure using complete 
three dimensional data. As this may take some time, wo are publishing here 
the essential features of this crystal structure and we believe that these results 
are not likely to be modified to any marked extent even after a full tliree dimen- 
sional analysis. 
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COSMIC RAY FLUXES AT DIFFERENT ZENITH ANGLES 


SAMIR GHOSH AifD SIMA SENGUPTA 

Physicai, Laboratoby, Pbbsidency Coixbob, Calcutta, Ikdia. 

(Received Jtdy 14, 1967 ; Remtbmitled Octofcer 6, 1967). 

An experiment has been performed to find out the variation of integral cosmic- 
ray fluxes with zenith angles. The geographical co-ordinates at the place of 
measurement are Lat. 22° 34'N, Long. 88° 24'E and height from sea-level is 20 ft. 

A four-fold Geiger-Muller counter telescope has been utilized for this purpose 
and the fluxes have been recorded by a four-fold coincidence circuit. The counter 
telescope has been placed under a thin Aluminium foil of 0,06 nun thickness. 
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The telescope has been given a rotation of 180“ degrees from East to West at 
small steps of zenith angles. The probabilities of fluxes at different zenith angles 
have been plotted in fig. 1. 



Fig. 1. Probabilities of fluxes against zenith angles. 


The data presented by Allen and Apostolakis (Allen, 1961) on the variation 
of cosmic-ray fluxes with zenith angles in between OS'" and 85"^ corresponds to our 
experimental data for the same region. They have measured particles of the 
momentum region 1 GeV/c to 100 GeV/c. But in our case the momenta of the 
particles recorded are 25 MeV/c and above. This shows that the variation of 
cosmic-ray fluxes vdth zenith angles docs not differ for the momentum region 
25McV/c to IGeV/c and 1 GeV/c to lOOGeV/c. The experimental data shows 
that nearly 80% of the cosmic-ray particles research the sea-lcvel at the directions 
In between 0° and lO'^ degrees zenithal angles. Above 40° degrees the flux 
drops down very fast with increase of angles. 

On the basis of the above experimental data the vortical, as well as, different 
directional components of cosmic-rays can be obtained from the total count by 
a single counter used in some experiments. The total solid angle covered by the 
counter is to bo found out for obtaining the directional fluxes. 

We offer our sincere thanks to Prof. Dr. R. L. Sen Gupta for his encouragement. 
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BOOK REVIEWS 


MECHANICS OF MATERIALS— by Prof. Seibert Fairman and Prof, Chester S. Cutshell, 

John Wiley & Sons, Inc., New York. Price $ 14.96. 

The book was first published in the year 1963 and the fourth reprint, which was given 
for review, came out in the year 1963. 

The basic elements of the subject have been carefully selected and incorporated in tho 
book giving complete first course in Strength of Materials. 

The book will be very helpful to the students. Many worked out typical problems, 
to explain tho theory, have boon included to make it more interesting to the students. 

The book deals very lucidly the chapter on deflection of beams, specially the area moment 
method, and the statically indeterminate beams. The chapter of combined stresses given 
at the end gives a better understanding of the subject matter to the students. 

It is a well planned and well written text book. The unit used in tho book is F.P.S, 
system. 

G,C.S. 


THE STATISTICAL THEORY OF NON-EQUILIBRIUM PROCESS IN A PLASMA--^by 

Yu. L. Klimontovich, Porgamon Press, 1967. Pp. xv-{ 284. Price 708h net. 

This is an English edition of the original Russian text by Dr. Klimontovich, published 
by Moscow State University in 1964. The major portion of tho material in the book was 
presented earlier in lectures at the Mechanics and Mathematics Faculty of the University. 
It should, however, be noted that the present translation by H. S. H. Massey and 0. M. Blunn 
under the editorship of D. Ter Haar incorporates, to its credit, corrections and revisionH 
supplied by the author in 1966. 

The book treats tho statistical theory of processes in a plasma in terms of equations 
relating to the microscopic phase densities of each component of the plasma and the micro- 
scopic strengths of the electric and magnetic fields. The author starts with a closed system 
of equations for the random functions of the microscopic quantities, and the problem boils 
down to determining tho moments of the functions. The approximation of the first two 
moments is mainly dealt with. 

The author’s approach leads to considerable simplification of the solution of a number 
of problems in as much as the resulting system of equations in this method is much simpler 
than the system of very complex equations for the distribution functions of the co-ordinates 
and momenta of both the particle and the field oscillator. 

Tlie book has, under its purview, kinetic equations in the self-consistent field approximai 
tion as well as correlation and spectral functions for a spatially uniform or non-uniform plasma. 
A chapter is devoted to kinetic equations and spectral functions, taking into account the 
radiation by plasma waves. The first chapter which is of a subsidiary nature presents Maxwell s 
equations for slow and fast processes while the last chapter gives a hydrodynamic description 
of processes in a plasma. 

Although the treatment, as mentioned by the author in the Introduction, is not exohaus- 
tive, t covers quite a wide range of topics in plasma theory by a unified method. The book 
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can be roconunended to students specialising in plasma physics; it is a must for those 
intend to work on statietioal theories of a plasma. 


who 


J.B, 


MAGNETOHYDBODYNAMICS By Audrey Gennadievich Kulikovskiy and Grigoriy 
Aleksandrovich Lyubimov. Translated from the Hussion by Sonpta Toehnica Inc 
(Technical Editor : Ludwig Ostor, Yale University, Now Haven). 


The competent book on the newly developing subject of Magnetohydrodynamics is a 
valuable addition to the existing texts on the subject. The book presents in a well organised 
manner the subject of Magnotohydrodynamibs. The authors deal with the basic principles 
of electrodynamics in an elegant manner and proceed ahead introducing the basic equation 
of fluid dynamics. The conservation laws ha writing the equation oro emphasised. The 
authors have given good application of the equation and presented the solution of some solvable 
problems. It is very instructive to learn the techniques and the way of handling tho equa 
lion of Magnetofluid-dynamics. Tho chaptws on shock waves in Magnotohydrodynamics 
and further treatmonl of propagation of weak sliock wavos and the structure of shock wav(>s 
give a clear description of the subject. Tho book can serve a good text for a student entering 
in this field for tho first time. 


The Scripta Technica and its technical Editor are to be thanked for making a valuable 
book like this available to English knowing workers in the field. 


PLASMA DYNAMICS— edited by F. H. Clauser, 1960. Addison -Wesley Publishing Company, 

Ino. Pp. ix-f369. List Price 12.50 dollars. 

Tho book is an edited version of tho proceedings of an international symposium on plasma 
dynamics, hold at Massaohusetts, USA in June 1958. Tho 8ympo.'<ium, in which quite a few 
renowned scientists took port, covered tho many-sidedness of plosiiia dynamics, as reflected 
in the fields of thermonuclear physics, gas discharges, electron beam dynamics, statistical 
mechanics, fluid mechanics, aerodynamics and astrophysics; all tho aspects have, naturally 
been reproduced in the symposium volume, which thus presents plasma dynamics in a very 
broad and integrated manner. 

Each chapter of the volume is based on an introductory speech, followed by discussions, 
discourses and comments. That plasma dynamics is a living and intriguing subject is aptly 
borne out by a number of oonti'adictory views. 

As the symposium was meant for exports, tho volume might appear, to a non-specialist, 
somewhat sketchy, lacking in details. However, by way of compensation, tho interested 
reader would find a long list of references in tho bibliography, which is of particular help 
because of its topiewiso arrangement. 


GAMMA-RAYS OF NUCLIDES IN lORDBB OF INCREASING ENERGY— By D. N. 

Slater. Published by Butterworths, London, 1962. Prico 468h. 

During the last decade identification and description of the members of gam^-ray 
emitting nuclides have proceeded at an enormous pace. Knowledge of their mdividual 
oharaoteristios have been classified and reported in several journals and Nuclear data tables. 
However a periodic census is necessary to keep the active research workers abreast of the 
new developments in the field. The compilation of tho present volume is such a census. It 
provides a list of AnergiAa of gamma-rays emitted by radio-nuolides, arranged in order of 



increasing magnitude. It has been prepared particularly to assist in the identification and 
elucidation of the gamma-scintillation spectra. Tho author has based his compilation upon 
some predecessors selected ‘^preferred values^* of gamma-ray energies 

(in Mev) from the Table of Isotopes of Strominger et This has simplified tho compilation 
to a remarkable extent. On the other hand if he had emphasized the discrepancies they might 
have served as a stimulus for now work. 

Tho classification of entries in the table are tho following : 

(a) Photon-energy (Mov), arranged in order of increasing magnitude. 

(b) Nuclides (including metastable existed states). 

(o) Half-life. 

(d) Modes of formation. 

(e) Percent abundance of relevant stablo isotope. 

(f) Thennal neutron activation cross-section (Barns) or Fission yield. 

(g) Per cent abundance of gamma -radiation. 

(h) Genetic relationship. 

The book would be a very useful manual for the gamma-ray spectroscopists in parti- 
cular. The printing and got up of the volume are excellent. 

S,D,C, 

1. Strominger, D., Hollander, J. M. and Seaborg, G. T., Revs. Modem Phys.y 80, No. 2, Part 2, 

April, 1958. 

2. Crouthanel, C. E. Applied Gamma-ray Spectrometry. Porgamon Press, 1960, 

3. Hollander, J. M., Perimon, I. and Seaborg, G. T., Rv.vs, Modern Phys., 25, 1953, 469. 
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INVESTIGATION OF THERMIONIC EMISSION AT 
LOW INTENSITY WITH A GEIGER COUNTER 
R. C. SASTRI Aia> S. D. CHATTERJEE 

Department op Physics, JADi^TPuii Untyeksity, Caecutta-32, India. 

(Received April 10, 1907) 

ABSTRACT. An attempt has boon made to investigate thermionic omission at low 
intensities by counting the individual electrons with a Geiger counter. In the first case, 
a Goigor counter with its axial ano(io wir# is heated to servo as an electron emitter. Sub- 
sequently, a heated offset wire parallel to the axial wire anode is operated as an electron 
emitter. In either case, Kichardson’s thiwmionio emission equation is verified while the 
lowest figure of the thermionic current density measured is 3 electrons/cm^. sec. 

INTRODUCTION 

All tho methods of investigating thermionic emission reported before have 
been based on measurements of integral emission current. The lowest limit of 
thermionic current density measured is that due to Germer (1925). Working 
between the temperature range of 1440'’K and 2475°K, ho measured a variation 
of current from lO-'^^amp. to 10~^amp. A current of 10"^®amp. is equivalent to 
an emission of approximately 0 X 10® electrons/cm^.sec. Furthermore, with most 
substances the current cannot be measured on a sensitive galvanometer at tem- 
peratures below lOOO^C. In order to explore thermionic emission phenomena in 
tho region of comparatively low temperatures it is imperative that individual 
electrons should be counted. The simplest equipment for such an exigency is 
the Geiger counter. Since tho Geiger counter is a gas filled device the effect of 
gaseous atmosphere on thermionic emission from a filament, of say tungsten, 
becomes important. Langmuir (1913, 1914 ) investigated the effect of different 
gases on the emission of tungsten at about 2000°C. Tho gases experimented with, 
included hydrogen, water vapour, oxygen, nitrogen and argon. His investiga- 
tions revealed that the presence of argon did not alter appreciably the values of 
the Richardson constants of tho emitter. The only effect of argon when present 
in a small quantity is to facilitate the attainment of satuiation through the action 
of positive ions, formed by impact ionization, in reducing the effect of mutua 
repulsion of electrons. No doubt when the pressure of the argon is apprecia e 
the current will be magnified owing to the ionization by coUisions, but the effect 
would be of importance in the detection of individual electrons. It is natura , 
therefore, to expect that the behaviour of other inert gases would be ana g 
to that of ai«on. Consequently, there is a reasonable prospect of 
mionio emission with the help of a non-selfquencliing Geiger counter 
an inert gas at an appropriate pressure. The sclf-quenching counters, however, 
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with a mixture of argon and organic vapour, would change the values of the therm* 
ionic emission constants. Such an effect has indeed been observed by Ettinger 
and Mdscicki (1962). Nevertheless, either types of counters may be used for the 
study of low temperature emission of electrons. 

This paper describes the detection of thermal electrons from a hot tungsten 
wire anode in a Geiger counter. A further modification in which a heated offset 
wire parallel to the axial wire anode served as an electron emitter is also reported. 
In both these eases Richardson’s thermionic emission equation is verified. An 
attempt was also made to operate a Geiger counter with reversed potentials, 
viz., by using the axial wire as a cathode. An account of this investigation will 
form the subject matter of a subsequent communication. 

THERMIONIC EMISSION FROM A HOT TUNGSTEN 

WIRE ANODE 

It is well known that a Gksiger counter can detect an ionizing event if it can 
release a single electron anywhere within the sensitive volume of the counter. 
Thus, a Geiger counter should be able to detect thermal electrons if they are 
produced within the sensitive volume of the counter. 

In a thermionic vacuum tube of cylindrical geometry, the heating current 
of the axial wire generates a magnetic field of heating current which may, as 
Richardson (1914) suggested, play an important role, sometimes effectively pre- 
venting electrons from reaching the anode, even with a high potential. RuU 
(1926) found that electrons are deflected in the direction of the electron current 
in the wire and describe elongated cycloidal paths. However, the effect is small 
with filaments of ordinary size, and is masked by the relatively enormous effect 
of the accelerating radial voltage gradient. 

With applied potentials reversed the radial voltage gradient exerts a retarding 
force on the electrons, preventing them from reaching the cylindrical anode. 
Thus, a Geiger counter, with a heated axial filament, may be likened to a uni- 
directional gas filled device. Nevertheless, it does respond to the emission of 
individual electrons from the heated filament. This is so, because the cyloidal 
return path traversed by the emitted electron in the vicinity of the wire produces 
a Townsend avalanche culminating in a Geiger pulse. 

EXPERIMENTAL CONSIDERATIONS AND RESULTS 

The experimental arrangement adopted for the study of thermionic emission 
with a Geiger counter, the hot tungsten anode wire serving as the thermal electron 
emitter is shown in block diagram in fig. 1. It consisted of a Geiger counter, 
an insulated battery to heat electrically the axial anode wire, Maier-Leibnitz’s 
quenching circuit and a scaler. The Geiger counter consisted of a copper cathode 
having a diameter 1.6 cms. and length 6 cms. A fine wire of tungsten having a 
diameter of 4 mil served as the axifd anode which was heated to produce thermal 
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ele^rons. Be^itire volume of the counter was restricts to the central 

portion of the axial anode wire with the help of glass sleeves at the ends. The 



Fig. 1. Block ^agram of the experiments arrangement adopted for the study of thermionic 
emission from a hot tungsten wire anode. ^ 

counter voltage was supplied from an electronically stabilised H.T. supply unit. 
Fig. 2 shows details of Maier-Leibnita’s quenching circuit which was used for 
quenching the Geiger counter. This dreuit works on the multivibrator principles 
but uses two different grids of input tube for the signal and the regenerative feed 
back. The discharge pulse of the counter excites the quenching circuit to one 



Fig. 2. Maier-Leibnitz’s quenching circuit. 

Resistances are given in kilo ohms, capacitances in micromicrofarads. 

oscillation during wlxich the counting voltage is kept below the threshold and the 
counter has time to recover. At the end of the oscillation (after about 0.2 mil- 
lisecond) the counter voltage and all other voltages of the circuit are restored 
rapidly to their initial values. Thus, the next count can take plat^e under exactly 
the same conditions as the first. The output pulses of the quenching unit are 
all equal and no discharge occurs in the Geiger counter while the quenching circuit 
is unable to quench them. The output pulses from the M.L. quenching unit, 
were fed to a scaler for registration of the pulses. The temperature of the heated 
anode wire was determined by the resistance measinement of the anode wire 
with the help of a potentiometer wliich was calibrated against a standard cell 
(Weston type D-SSO-B). 

As the temperature of the axial wire was gradually increased there was a 
progressive increase in pulse size till the counter stepped into the region of stabi- 
lized corona* 
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To arrive at a reasonable understanding of what happens within the volume 
of the Geiger counter when the thin axial wire is being heated it may be assumed 
that the radiation and convection effects are negligible and the radial temperature 
distribution may be determined by the steady state conduction process alone. 
In the steady state we have yT = 0 and for a radial distribution of temperature 


1 

r 



dT 

dr 


)-0 


... ( 1 ) 


solving for T, we get 

T = 01og,r+B ... (2) 

where C and B are constants- 

Assuming that the cylinder remains, more or less, at the room temperature, 
so that T ^ Tq Q,t r = b (the radius of the cylinder) and T = at r = a (the 
radius of the axial wire), the temperature at any point r, from the axis of the cy- 
linder is, therefore, given by 

T(r) = alog,r+/? ... (3) 

whore, a and are determinable constants. 

There is also slight increase in pressure of the gas within the counter volume. 
The pressure is independent of r. But the gas density n{r) is given by 

n{r) = PjTix) ... (4) 

Around the axial wire in the Townsend avalanche region which is of the 
order of 6 wire radii there is a considerable attenuation of the gas density. This 
lowers the threshold potential of the counter which manifests itself as an increase 
in overvoltage of the counter for the existing potential distribution. 

An explanation for the enhancement of the overvoltage due to the attenua- 
tion of the density of the gaseous mixture in the neighbourhood of wire may be 
sought in the fact that Paschen’s law governs at least roughly all spark-breakdown 
phenomena. Thus F^, the starting potential of corona or glow may be taken as 
governed by Paschen’s law which may be given by the function equation 

t (Ya \ = J- log ... (6) 

^\psi Pd ^d>(Vjp$) ' 

It may be seen that on the basis of the above equation V. the starting potential 

is a function of P 

i.e. V. = F(Pd) ... (6) 

this has been found experimentally to be true. It was indeed discovered experi- 
mentally by Paschen (1889), and was proved theoretically by Townsend (1916), 
Schumann (1923) and Thomson (1933) on general considerations irrespective of 
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the meohaneim assumed. It is obvious that it holds for uniform or non-uni- 
form fields caused by gap geometry. 

The physical interpretation of this law is relatively simple. The product 
Pd represents in essence the number of molecules to be encountered by an ion or 
an electron crossing the gap. This number, as with all api 3 lications of Avagadro’s 
law depends primaiily on gas density and not on pressure alone. Hence one 
can really insert p8 for PS in the Paschen’s law equation, where p is the gas density. 
Hence, whore temperature is varied in the vicinity of the wire by nlcetrically heating 
the same the value of F<, becomes a function of p8. Since the electric field re- 
mains, more or less constant, the atteimation of p in the vicinity of the axial wire, 
lowers the value of F^, which is the starting potential for stabilized corona. In 
other words, the entire Geiger region is shifted towards the lower voltage side and 
the threshold potential for Geiger action is correspondingly lowered. Such a 
situation implies that the Oeiger counter is being operated at higher overvoltage 
than previously. Thus the operation of lowering the density of the enclosed 
gas in the vicinity of the wire is really equivalent to the enhancement of the 
operating voltage under normal conditions 

It is, therefore, required that the potential across the counter bad sometimes 
to be lowered to confine its range of operation within the Geiger region as the 
temperature of axial anode wire was gradually raised to jwoduce an adequate 



6.8 7.0 7.2 7.4 

-* 6040/T 

Pig. 3. Biohardson’s plot for the hot tungsten wire anode in a self quenching Geiger counter. 

number of thermal electrons. It was further noted that the plateau of Geiger 
counter was consistently shortened as a result of the attenuation of the density of 
the enclosed gas in the vicinity of the wire. A probable deterioration of the plateau 
on account of an axial thermal gradient was indeed pointed out by McCutchen 
(1956) on theoretical considerations. The preliminary experiments on thermionic 
emission were performed simultaneously with a self-quenching counter and 
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with a pure gas (argon) filled counter. The results obtained are shown in tables 
1 and 2. 

TABLE 1 


Thermionic emission from a Tungsten wire with a self-quenching counter 


T 

(m“K) 

N 

(Number of 
counts per 
minute) 

BOiOIT 

NIT» 

</> 

(in eV) 

A Remarks 

(amp. /cm*, 
degree*) 

688 

166 

7.324 

3. 606x10-* 



702 

633 

7.180 

1.081x10-9 

3.39 

60.2 Area of the emitting 
surface not well de- 

721 

732 

2464 

6796 

6.990 

6.886 

4.722x10-9 

1.081x10-9 


fined. 


Note : (1) 60^0 IT = 1 eVjkT where k is the Boltzmann constant. 

(2) The results have been confined to low temperature measurements of thermionic 
emission because of dead time difficulties encountered at higher tomperaturos. 


TABLE 2 


Thermionic emission from a tungsten wire with a non-selfquenching counter 


T 

(in «K) 

N 

(Number of 
ooimts per 
minute) 

6040/2’ 

N/T* 

4 > 

(in eV) 

A Remarks 

(amp. /cm®, 
degree*) 

916 

101 

6.608 

1.179x10-* 



931 

286 

6.414 

8.301X10-* 

4.62 

71.8 Area of the emitting 






surface not well de- 

963 

1142 

6.287 

1.267x10-9 


fined. 

966 

2336 

6.223 

2.609x10-9 




Note : (1) 5040IT = 1 eVlkT logc^® where k is the Boltzmann constant. 

(2) The results have been condnod to low temperature measurements of thermionic 
emission because of deadtime difficulties encountered at higher temperatures. 


A plot of logm NjT^ versus 6()40/T, where NjT^ is the number of counts per 
minute per degree squared and T the corresponding temperature of the axial 
anode wire in degrees absolute yielded a straight line satisfying the Richardson’s 
thermionic emission equation. The work fimction for tungsten as calculated 
from the slope of the plots (figs 3 and 4) was 3.39 eV in a selfquenohing counter 
and 4.62 eV in an argon filled counter. 

Looking at the results it seems likely that in the first case the unexpected 
lowering of the normal work function in a retarding field may be due to the pre- 
sence of adsorbed layers of the selfquenohing vapour on the surface of the axial 
anode wire. However, in the case of pure argon filled non-selfquenohing counter, 
the work function of tungsten anode is higher. The higher value may be consistent 
with Schottky’s mirror imiage theory. 
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Fig. 4. Richardson’s plot for the hot tungsten wire anode in a non-solfquonching 
Geiger counter. 



Fig. 5. Sdiematio diagram of the experimental arrangement for the study of thermionic 
emission (using an offset wire as thermal electron emitter). 

THERMIONIC EMISSION FROM A HEATED OFFSET 
WIRE IN A GEIGER COUNTER 

An analysis of the experimental results presented above indicates that a normal 
Geiger counter, with a heated anode wire is not well suited for a study of thermionic 
emission for the following reasons. 

(1) the emitted electrons cannot escape against a retarding field; they return 
back to the heated anode. 

(2) the radial thermal gradient surrounding the axial anode attenuates the 
density of the filling gas in its vicinity resulting in the enhancement of the neigh- 
bouring field gradient and proneness to continuous discharge. 

In order to circumvent these difficulties a new counter was fabricated with 
an extra offset wire parallel to the axial wire anode. The offset wire was 
^lectrioally heated to serve as electron emitter. It was usually maintained at a 
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potential, appropriate for its location within the existing field distribution, by 
moans of an auxiliary battery. However, it did not make much difference in 
measurement when the offset wire was kept floating while being heated by an 
independent battery. 

EXPERIMENTAL ARRANGEMENT AND RESULTS 

Fig. 5 depicts schematically the experimental arrangement adopted for the 
study of thermionic emission using an offset wire in a Geiger counter as the 
thermal electron emitter. The offset wire was heated electrically by an insulated 
storage battery. The other components of the circuit consisted of a standard 
resistor (lohm), a potentiometer, an adjustable voltage source, an E.H.T. supply 
for the Geiger counter, Maior-Leibnitz’s quenching circuit and a scaler. The modi- 
fied Geiger counter consisted of a pyrex glass tube envelope of diameter 3.8 cms. 
whose inner surface was coated with aquadag to form the cylindrical cathode of 
length 8 cms. The axial tungsten wire had a diameter of 0.1 mm. spotwolded on 
either side to thick tungsten leads, which in turn were sealed into protecting glass 
tubes and were available for electrical connections. The offset wire for producing 
thermal electrons had a diameter of 0.15 mm. and was stretched parallel to the 
axial anode wire. One end of the offset wire was spotwelded to a tungsten rod 
while the other end was spotwelded to another tungsten rod via a small tungsten 
spring to keep the offset wire taut while being heated. 

The necessity of keeping the diameter of the offset wire somewhat thicker 
than the axial wire was dictated by circumstances which led to the simultaneous 
appearance of an image inverted pulse superimposed on a normal Geiger pulse 
at the axial wire terminal, as reported earlier by the authors (Sastri et al, 1967). 

The counting portion of the counter for thermal electrons was confined to a 
length of 4.6 cms. by providing suitable glass tubes at the end of the axial anode 
wire. Both the offset wire and the axial anode wire were flashed in high vacuum 
while the counter was being evacuated, in order to smoothen the asperities on the 
surface. The counter was filled at 11 cms. Hg pressure with 10 cms. argon stated 
to be “spectroscopically pure” and 1 cm. of hydrogen. The gaseous mixture was 
introduced into the counter after passing through traps immersed in liquid nitrogen. 
Maier-Libnitz’s quenching circuit (fig. 2) was used for quenching the Geiger 
counter. The output pulses from the M.L. quenching unit were fed to a scaler for 
registration of pulses. From an auxiliary voltage source, polarisation potential 
adjusted to the free wire potential in the electrostatic field of the counter, was 
applied to the offset wire with the help of a voltmeter. The temperature of the 
offset wire was determined by the resistance measurement as mentioned above. 

Measurements were taken in the temperature range of 841®K to 934®K. 
The results obtained are presented in the table 3. It may be seen firom this table 
that the counts due to thermal electroim varied from 40 per minute at 841 °K 
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to 18,880 per minute at 934»K. The former count gives the lowest figure of the 
thermionic current density measured as equivalent to 3 electrons/cm*.BCc. at a 
temperature of 841 “K. 

Fig. 6 shows the Richardson’s plot logijif/T* versus fiOiO/T, where NjT* 
is the number of counts per minute per degree squared and T the corresponding 


TABLE 3 


Thermionic emission from a haated offset wire in Geiger counter 


N 

Temp. (Number of 
(in ®K) counts per 
minute) 

6040/3:’ 

N/ya 

(in eF) 

A 

(amp./cm*. 

degree^) 

Remarks 

841 

40 

6.992 

6.656X10-® 




862 

88 

5.916 

1.213xl0r‘ 




864 

210 

5.833 

2.813x10^ 




882 

700 

5.714 

8.997xir^ 

4.33 

62.2 

Area of the emitting 







surface not well de- 

904 

2945 

6.676 

3.602x10-8 



fined. 

921 

8670 

6.471 

1.022x10-8 




934 

18880 

6.396 

2.166xir8 





temperature of the offset wire in degree absolute. The work function for tungsten 
as calculated from the slope of the plot is 4.33 eV, which compares not unfavourably 



60 ^ 

r 


Pig. 6. Bidtardson’s plot for the emission of electrons from a heated offset wire of tunPsten 

<rith the <K»*pted ydm of 4Ji4oV, Tfco -Bglit »» 

my p«Io.po to .ttributed to the pmmo. of hydtogen m the g«»ou. -oiito™- 
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For instance, Weissler and Wilson (1953) have reported a diminution in work 
function of the order of 0.5 eV in hydrogen or nitrogen atmosphere whereas the 
inert gases produced no change at all employing Oatley’s contact potential method 
of measurement. 

Although the present investigation is more or loss of a qualitative and intro- 
ductory character, it is expected that further refinement in measurement and 
technique, employing an anti-coincidence method for the elimination of the cosmic 
ray background, would improve the accuracy of measurement at lower tempera- 
ture by at least one order of magnitude. 

Further investigations have been carried out on the energy distribution of 
thermionically emitted electrons with the modified form of the counter operating 
in the proportional region. The results will be reported in a future communi- 
cation. 
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ABSTRACT. Thermoelectric power, thermal conductivity and electrical resistivity of 
p-type PbTe doped with iron, manganoso, tellurium and n-typo PbTo doped with gado- 
linium and manganese are reported. I»on acts as donor or acceptor depending on the 
impurity concentration. Manganese was ^und to he a donor dopant. The variation of 
these parameters with temperature is discussed. The resistance was found to behave in an 
anomalous manner both in the pure as well as doped p-type specimens. The possible oauses 
of the observed behaviour in these systems are discussed. 

INTRODUCTION 

There has been considerable interest in the thermoelectric properties of 
PbTe, because of its value in power generation. Present day interest in thermo- 
electricity is to obtain a high figure of merit by incorporating suitable impurities. 
The studies have been hitherto confined to non-magnetic impurities. The presence 
of paramagnetic inpurities may, however, drastically alter carrier concentration 
and influence other physical properties such as thermal conductivity, thermoelec- 
tric power and electrical resistivity (Narasimhan et al, 1965). 

In the present paper wo report the thermoelectric properties of p-and w-type 
PbTe doped with paramagnetic and neutral impurities. The possible causes ol 
the observed anomalous resistance of p-type PbTo arc also discussed. 

METHOD OF PREPARATION OF SPECIMEN AND 

MEASUREMENT 

Lead (A. E. C. Trombay), tellurium, iron, manganese and gadolinium were 
all spectroscopically pure (as supplied by Johnson and Mathcy). Tho elements 
were taken in their proper proportions and heated at a temperature of 1()00°C 
for 24 hours in an evacuated silica tube and quenched at SOO^C. The homoge- 
neous regions tested by thermooloctrio probing were cut off and pressed to form 
(^olindrioal pellets. The pellets so prepared (usually of length 12 mm and dia- 
meter 10 mm) were sintered in vacuum at a temperature of 660°C for 24 hours. 
These sintered blocks were nickel plated at the two ends and used for measure- 
ment. 


Clommuniostions Nos. 1024 and 1066 from the National Chemical Laboratory, Poona 8, 


India. 
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For preparing the doped samples the required quantity of the dopant was 
added to PbTe and the compound remelted. The same treatment as mentioned 
for the undoped compound was given. 

The measurements of thermoelectric power, electrical conductivity and thermal 
conductivity were carried out by means of z meter technique (Harman 1958, 
Harman et al 1959). The details of the apparatus and measurement are discussed 
elsewhere (Narasimhan 1967). 

RESULTS AND DISCUSSION 

The results of each system are discussed separately. 

PbTe doped with iron 

The variations of thermoelectric power, thermal conductivity and resistivity 
with temperature are shown in table 1. 

When p-type PbTe was doped with iron the conductivity changed from p-type 
to »-type depending on the concentration of the dopant. When 0.1 at. % iron 
is added to p-t37pe PbTe the thermoelectric power (a) changed its sign relative to 
that for the pure system. On increasing the concentration of iron to 0.6 at % 
thermoelectric power increases to a large value while the sample remained »-typc. 

The change in the sign of thermoelectric power on adding iron may bo due to 
donor action of iron. Iron atoms go into the solution as iron telluride (probably 
as FeToj). These iron telluride molecules substitute for the PbTe molecules 
thereby vacant sites are created. Atoms from load excess occupy those vacant 
sites and as the valence electrons of the lead atoms are not involved in chemical 
bonding they are easily ionized to the conduction band. This mechanism by 
which impurity atoms dope is responsible for the n-type conductivity. In- 
creasing the concentration of lead loads to substitution of more and more PbTe 
molecules and increase of electron concentration. On the other hand large 
increase of added dopant leads to p-type conductivity. This may be explained in 
the following way. In a crystal there are always certain number of lead and 
telluriiun ion vacancies. On adding small concentration of iron, the lead vacan- 
cies created are filled up by the excess lead atoms, thereby maintaining in equi- 
librium the concentration of lead vacancies. If the vacancies created by the 
iron atoms is large compared to the excesss lead atoms present then the number 
of lead vacancies are more than the tellurium vacancies. The tellurium atoms 
surrounding these lead vacancies have two electrons less which they take up 
from the environment and thus the holes are created (Kobayashi et al 1964 ). 
Somewhat similar situation exists in BigTe, also (Ainsworth 1966). Excess bis- 
muth atom gives n-type conduction, whereas, limited excess concentration leads 
to hole conductivity. 
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Fritts (1960) observed that iron acts like a neutral impurity in PbTe. Brebrick 
a <a (1962), on the other hand, found that iron acta like a low lying donor 
from his measurements on Te saturated PbTe doped with iron. However, the 
thermoelectric properties of these doped compounds have not been reported 

The thermoelectric power doorcases on adding 0.1 at. % iron but increases 
to a large value at 0.6 at % iron additions. At higher concentrations the number 
of electrons also increases because originally we have a p-typo semiconductor 
and we are adding n-type impurity. This results in the compensation of acceptors 
and when the donor concentration is large we have enough donors to give sufS- 
cient electrons to observe a high thonnoelectric power. At 2 at. % iron concen- 
trations, as discussed above, iron acts like an acceptor and hence increase in the 
concentration of holes and large thetoopowers. 

Thermal conductivity {K) decreases on adding iron. This decrease is perhaps 
due to the scattering of phonons by the added impurities. Wc can calculate the 
scattering crosssection for the impurity atom by using Ioffe’s formula (Ioffe 
et at 1960). According to this 

ft 

where N is the addition concentration, JVq is the total atomic concentration, 
a is the distance between two neighbouring atoms in the lattice, is the mean 
free path of the phonon in the undoped specimen, 0 is the factor in the expression 
8 = 0o* where 8 is the scattering cross section. Ki, and are the lattice 
thermal conductivity with and without addition of second component. Inr.- 
can be calculated by using the kinetic formula 

Kl = If (7 f VItw 

where Cy is the specific heat per unit volume and F is group velocity of phonon. 
The value of Oy, a and V were taken from the table of Ioffe et al (1960). 
Ki, was calculated by subtracting the electronic component of thermal conducti- 
vity from the measured thermal conductivity by utilizing the Weidemann-lranz 
ratio. The values of 0 so calculated arc shown in table 2. The value of the 
scattering cross section is higher at 273. l^K than at room temperature. 

The resistivity of all the p-typo samples and one of the m-type sample viz., 
PbTe doped with 0.1 at. % iron showed increase of resistivity with decrease of 
temperature. Putley (1966) observed this type of behaviour in his p-type samples 
and suggested that these may be due to the presence of impurity levels situated 
at 0.1 eV above the valence band. He observed this behaviour in five of the 
p-type samples and in one of his n-type samples S210 also. In n-type PbTe 
the impurity level is considered to be situated at 0.1 eV from the conduction band. 
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Shogenji et al (1967) reported that a sample of jp-type PbTe heat treated 
with copper showed the anomalous resistivity behaviour. Kanai et ai (1957) 
have also reported that a sample of p-type PbTe exhibited this anomalous beha- 
viour. In all these cases the Seobeck coefficient was not reported. In the present 
measurements the type of conductivity was judged only by the Seebeck coeffi- 
cient measurement. There was no change of sign observed throughout the tem- 
porature range investigated. It is most likely that Hall coefficient veill also behave 
in a similar way. 

The possibility of spurious voltage was tested. The solder was scrapped off 
and the sample resoldered and the measurements repeated. No changes in the 
original behaviour wore observed. After cooling to liquid fair temperature 
the sample was brought to room temperature. The resistivity was showing the 
initial value. Hence these observed anomalies are not due to any spurious voltages. 

Scanlon (1969) found that a sample of PbS coated with sulphur vapour 
showed Hall coefficient reversal similar to those of Putley (1955) and Shogenji 
et al (1957). This second sign reversal was observed in the extrinsic region. Scan- 
lon (1959' attributed these top—n junction, in which an n-type sample is covered on 
all the surface with a p-type layer. In the present measurements, however, no 
heat treatment was given to form p— « junction. It is interesting to note that 
only in p-type PbTe such a behaviour was observed. When p-type PbTe was 
doped sufficiently with a donor to make it »-typo, the anomaly was lost and the 
resistivity decreased with decrease of temperature. Also, n-tj^ lead tellurido 
prepared by taking 0.2 at. % excess load did not show the resistance anomaly. 
Moreover, the treatment given to p-typo PbTe and n-type PbTe was identical 
and it seems unlikely that the anomaly observed in p-type PbTe is duo to the pre- 
sence of p—n layers. A conclusive test was carried out to ffiad out the presence 
of p-n layers. The samples exhibiting the anomaly were scraped on both the 
lateral sides to remove some layers. The thermoelectric probe was moved through- 
out the surface to find out p—n layers. The experiment was repeated for each mm 
layer removed on both the end as well as lateral sides. There was no change of 
sign of the cold end terminal. The hot probe has to be connected to the —ve 
terminal and the cold end to the -fve terminal for current to flow. This 
proved conclusively that there are no p-n layers. 

This suggests that there are impurity levels situated in the forbidden gap and 
the scattering of carriers by the impurity atoms is important. The appearance 
of anomaly in p-type PbTe shows that impurity levels ere near the valence band 
and form acceptor levels. From the slopes of log resistivity against temperature 
the energy levels of the impurity atom is calculated. We assume that the increase 
of resistivity with decrease of temperature is due to the electrons falling back into 
the valence band thereby reducing the concentration of holes. The impurity 
levels in general are situated at 0.1 eV. The value of energy gapjjwas found to 
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bo 0.1 eV as derived on tbo assumption that there is no compensation and the con- 
centration of donor atoms is very small. The reason as to why n-tyiio PbTe do 
not exhibit the resistance anomaly is that the acceptor levels arc all compen- 
sated by the donors and with decrease of temperature the resistance decreases 
because of the interaction of carriers with phonons becoming small. 


p4ype PbTe-Te 

The variations of thermoelectric properties as a function of excess tellurium 
were studied with a view to finding aa optimum composition which gives high 


figure of merit. The doping was carried upto 6 at. % excess tellurium. Thermo- 
oleotrio power remains nearly the same with increasing concentration of 
tellurium. Excess tellurium atoms pecupy the tellurium vacancies and accept 
the electrons from the neighbouring i^ms and thus induce p-type conductivity. 


Fairly high concentration of excess tellurium may be introduced into PbTe 
depending on the heat treatment. The solubility of excess Pb or To in lb Fe 
is not more than one hundredth of one percent in pure samples. By quenching 


at elevated temparatures it should, however, be possible to introduce large excess. 
Since all the samples in the present measurements arc quenched at 800'’C it is 
likely that large excess could be incorporated. Fritts (1900) observed that any 
precipitation of excess phase will lead to increase in resistivity at room tem- 
perature. For the liighly doped sample i.e. 6 at. % excess tellurium an increase 
in the resistivity was observed at room temperature (fig. 1). It Js likely that 
in this sample some tellurium has precipitated out and these rejected tellurium 


atoms have collected at dislocations during freezing. 



At. % Te 

Kg. 1, V«U*loo of d«*rk»l n.irtIvitS' W •»> O”™* 
of tdlurium doped on p-type PbTo. 
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Thermal conductivity decreases (fig. 1) with increasing concentration of 
excess tellurium duo to the scattering of phonons by tellurium impurities. The 
value of scattering cross section is shown in table 2. The figure of merit is highest 
for the sample doped with 0.6 at. % Te showing thereby that at this concentration 
we have effected a decrease in thermal conductivity without affecting the resisti- 
vity. 

p-type PbTe-Mn 

Manganese is a donor dopant in PbTe. Owing to this^ thermolelectric power 
changes sign and becomes negative. 

The low values of thermoelectric power (table 3) suggest the onset of 
degeneracy and the resistivity increase observed is due to impurity scattering of 
carriers. In view of the high concentration of manganese added X-ray powder 
pattern was analysed to find out the presence of second phase. The specimen 
was found to be quite homogeneous and no extra lines from the impurity atom 
could be found. 

n4ype PhTe-Od 

n-type PbTe was prepared by taking 0.1 at % excess lead over the stoichio- 
metric composition. To this various amounts of gadolinium were added. The 
results of the measurement are shown in the figures. Pigs. 2, 3 and 4 show the 
variation of thermoelectric power, thermal conductivity and electrical resistivity 
as a function of impurity additions at various temperatures. 


-260 



Fig. 2. Variation of thermoeleotrio power of n-type PbTe doped with various ooncentrations 
of Gd at different temperatures. 
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In the undoped specimen thermoelectric power decreases with decrease of 
temperature as is expected from the theory. The increase in the value of thermo- 
electno power at low temperatures with increasing gadolinium concentration may 



Fig. 3. Variation of thermal conductivity of n-typo PbTo doped with various concentrations 
of added Qd at difTerent temperatures. 



Pig, 4. Variation of resistivity of n-typo PbTo doped with various concentrations of gado- 
Imiiim at different temperatures. 




810 N. /Sf. V. L. Naraaimhan and K. P. Sinka 

be due to the iuorease in the value of r in the expression for thermoelectric 
power (a) 


« = ± ^ ) ... ( 1 ) 

where kg is Boltzmann constant, A = r+2; r depends on electron scattering mecha- 
nism. With increasing concentration of gadolinium, the scattering of electrons 
increases. Alternatively, gadolinium acts like a trapping centre for holes leading 
to the increase in the thermoelectric power of electrons. 

The undoped specimen has a dependence on mobility. If we consider 
the acoustic mode lattice scattering then the mobility should have a y-®/® depen- 
dence. Perhaps this deviation could bo explained if wo considered a mixture of 
acoustic and optic mode scattering and interband transition of charge carriers, 
effected by these. Based on these assumptions Krishnamurthy et al. (1965) 
arrived at an expression 


/i = /t 


(o) 

(o) 


y-s /2 


.. ( 2 ) 


where /t is the temperature independent factor. In this formulation two phonon 

processes involving one acoustic and one optical phonon and two optical phonons 
were considered. The agreement with the experimental result suggests that 
interband transition and both acoustic and optic mode scattering effects are/im- 
portant for the scattering mechanism in PbTo and other compound semicon- 
ductors. 


For the doped samples, the mobility has a and y-®-® dependence which 
may be due to the onset of impurity effects. In another paper Krishnamurthy 
et al, (1966) have given a general expression incorporating two-phonon pro- 
cesses and one phonon impmity induced processes. The total mobility has 
the form 




... (3) 


Thus for >> the mobility /{| = /{(,<*>y-®/* and for reverse condition 

jif = ;t,<o>y-s/*. It is clear that in the intermediate regions the exponents on 
temperature will have values ranging from —1.5 to —2.6 depending on the 
relative magnitudes of the terms in the denominator. 

Thermal conductivity shows an increase with increasing gadolinium additions 
at 82‘’K (fig. 3). For the same reason the temperature variation of thermal 
conductivity in the case of doped samples have much stronger tempenrature 



Table 1 
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depondonoe. Tho undoped specimen has a T-^ dependence in agreement with 
theory (Peierls 1929). 

ii~type PbTe-Mn 

The variations of thermoelectric power and eleotrioal resistivity are shown 
in figs. 5 and 6. The resistivity increatses with impurity concentration with their 
atoms causing electron scattering leading to a decrease in mobiliiy. But beyond 



2 6 10 14 18 22 26 30 34 38 

At. %Mnx80» 

Fig. 6. Variation of thermoeleotrio power of »>type FbTe doped with various oonoentrations 
of Mn at different temperatures. 



2 10 18 36 84 

At. %MnXl0a 

Fig. 6. Variation of eleotrioal resistivity of n>type PbTe doped with various concentrations 
of Mn at different temperatures. 

(at 82°K pure n-type PbTe has a p value 1.34 X 10“* ohm om.) 

a particular oonoentration the donor eleciarons from the impurity atoms lead to 
in<n«ase in electronic conductivity. Thermoeleotrio power variation with tem> 
perature in the ease of highly doped sample shows the onset of degeneracy. 
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The slope of tem^rature dependence of conductivity decreases in magnitude 
as the ^ncentrat^on is increased. The experimental curves in most of thfcases 
have T de^nden^. This is perhaps duo to the combined effect of impurity 
and phonon (optical and acoustical) scattering effects. 



At. %MnxlO» 

Fjg. 7. Variation of thermal conductivity of p-type PbTe for various concentrations of 
Mn at 82°K. 


Table 2 


Values of the parameter 6 and energy gap for various doped 
samples ofp-typo PbTe. 


Sample 

No. 

SOO-K 

(0) 

273.^ 

(0) 

Energy gap 
from a plot of 
inp* vs IfT 

Undoped PbTe 

— 

— 

0.08 eV 

53 0.5 at. % iron 

9.2 

ll.O 


52 1 at. % iron 

1.9 

— 

0.09 eV 

44 2 at. % iron 

1.4 

2.1 

0.09 eV 

16 10 at. % manganese 

6.6 

23.8 

— 

48 0.6 at. % excess To 

6.0 

4.6 

0.01 eV 

60 1.6 at. % excess Te 

2.8 

3.2 

0.13 eV 

51 5 at. % excess Te 

0.9 

1.1 

0.13 eV 


p is the electrical resistivity. 


Large reduction in the value of thermal conductivity (fig. 7) at 82®K 
suggests large scattering cross section for the impurity atom. This may be due 



814 


K. 8. V . L, Naraaimhan and K. P, Sinha 




815 


EUctrical and Thermal Properties of PbTe 

to the substitution of impurity from different group of the periodic table. Klem- 
mens (1967) has observed that substitution of divalent magnesium in potassium 
chloride leads to seattering eross section 100 times more than substitution of 
monovalent bromine. Paramagnetic susceptibility measurements confirmed 
that PbTe doped with the Mn, Fe and Gd were paramagnetic. 
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r ® 

ABSTRACT. The /S>-wave neutron strength function and the potential scattering 

radius H' have been studied using spherical optical model potential with (i) pure surface 
absorption and (ii) combined volumo and surface absorption. The numerical results have 
been plotted against mass numbers over the region A == 40 to A == 200 and have boon com- 
pared with the experimental data. 


INTRODUCTION 


The nuclear optical model has been found to give satisfactory explanation in 


predicting the resonance behaviour of S-WAve neutron strength function 



, the 


average ratio of neutron width to average level spacing, with respect to atomic 
mass at low energies. The neutron strength function is a measure of the average 
cross section for formation of the compound nucleus in the low energy phenomena. 
The earliest calculations (Feshbach et al, 1954-) have been carried out with spheri- 
cally symmetric complex potential of the simple square well form and the ratio 
shows emhanced rises near mass numbers A[~55 and A~155 and a minimum 
around A~100. Though a qualitative agreement has been obtained between 
the theoretical prediction and the actual measured values but the agreement 
unsatisfactory quantitatively since the theoretical results give more sharp and 


r ® 

narrow reasonances and more pronounced dip of with the variation of mass 


numbers when compared with the experimental findings. However, later investi- 
gations (Feshbach, 1058) with realistic, diffused potentials of Woods-Saxon type 
(1954), with the same form of uniform retdial distribution of the real and imaginary 
part, have reproduced the giant resonances fairly well showing better agreement 
with experiment. But there still remain two major discrepancies to be explained. 
One of these concerns the peak near A~155 where the experimental curve seems 
to be much broader, lower and more irregular than the theoretical curve and 
indicates the existence of two small peaks. The other discrepancy has been 
noticed close to the valley between the reasonances where the values of the strength 
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function predicted by theory are considerably high in comparison with the ob- 
served data. 

As regards the first difficulty it has been suggested that the non-spherical 
shape of target nuclei in the region 140 < A < 190 should be taken into account 
in order to avoid the marked disagreement with experimental observations. 
Investigations by many authors (MargoUs et al 1957; Chase et al, 1958 and Jain 
1964) have shown successfully that the aspherical nature of nuclear structure 
has a tendency to break the giant resonaiice into a number of resonances, thereby 
improving the agreement with experiment. 

To eliminate the second difficulty the interesting suggestion to introduce 
enhanced surface absorption in place of Volume absorption has already been put 
forward and several attempts have been piade to clarify the point. For low inci- 
dent energies the absorption may be tal^n to be concentrated mainly in nuclear 
surface rather than distributed uniformly over the entire nucleus because of the 
weakened effect of Pauli exclusion principle in the surface region and this is re- 
presented by the surface peaked radial distribution of the imaginary potential 
(Harada et al; 1959) 


In the present work we have investigated the detailed structure of 


and 


potential scattering length J?' taking into account (i) pure surface absorption and 
(ii) combined volume and smface absorption. The numerical results of our theo- 


retical calculations which are based on the analytical expressions of 


D 


(normali- 


sed to 1 ev) and 22' given in our previous note (Ganguly et al, 1966) are plotted 
against mass numbers over the region A = 40 to A = 200 for comparison with 
experimental data. 


Our results are in agreement with the calculation of Khanna and Tang (1959), 
Fiedeldey and Frahn (1961) and Jain (1964) and support the argument that 
surface concentration of the imaginary potential lowers the value of the strength 
function in the region 90 <! A -< 130 thereby bringing the results in closer agree- 
ment with experiment. W^e disagree with the conclusions of Elagin et al (1962) 
who failed to reproduce any new effect due to surface absorbing potential beyond 
that for pure volume absorption. 


THBOBY 

nie radial wave equation for the scattering of S-wave neutrons is given by 

jfcs _ _^F(r) ] = 0 - 


where F(r) is the interaction potential and k> = m and E„ being respeo- 


4 
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tirely the mass and energy of the incident neutron. The wave function u = 
satisfies the necessary boimdary conditions for the scattering problem at r = 0 
and r—*oo. In the asymptotic region, r— >oo the radial solution as a combination 
of incoming and outgoing waves is given for 1 = 0 

«o(r) = G'[»o‘-»(»-)->Sro«o<+>(r)] ... (2) 

where ^ is a constant. 

At sufficient low neutron energies the scattering amplitude 3^ averaged over 
resonances according to Feshbach, Porter and Weisskopf (1964) has the value 

So = ( 1-^") ... (3) 

where JS' is a length of the order of magnitude of the nuclear radius and is a slowly 
varying function of the energy. 

Hence for kB'« 1 




... (4) 


iS' = J Im (l-5o) 


... (5) 

r ® 

The ayeraged cross seotions of scattering and absorption are related to and 
E* as follow : 






'ar- 


i* D 


(6a) 
... (6b) 


We choose the neutron<nucleus potential to be of the form 

r t “I 

nr) = - (F.+.-if,) — ^ + aw, . ... m 

L l+« * Ll+e » J J 

where a is the diSusivity parameter and the radius parameter is assumed 
as .S s: 1.25A^f*. Corresponding to this form of nuclear potential which takes 
care of both volume and surface absorption we have derived (1966) the following 
ezpresmon for /Sf-wave neutron strength function normalised to 1 ev and potential 
scattming radius B' 

^*=,-^Im(C) ... (8) 

D It 

S' H4-2yo+»R© (0) ... (®) 
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where y is Euler’s constant and the complex quantity Q is given by 

Q sa AQ+/*)]+»r. 

I (ra) 

' 1+*/ r(i-Ao-/t)r{-Ao+A) ' 

«»• WA.+rt}-( AJ 




(A) V(a,+..1+W.,+2^; 


-2K) 


1 + 6 / r(l— Ao— r(— Ao+;{) 


“—An 


-(i+J I-A.-ftl-2A.;A_) r(l+2A.) ~[ 

\l+bl \ •« I- • c. •■l+W r(l+A.-rtf(A.+;.) J 

in which A =±[--a*(i*+p®)]*. fi = l±i[l+4oV]* 


P* 


=~(Fo+.-Tfo).9* 


2m 

ft* 


(ilFi), 5 = exp(— i?/o) and 


Ao is the value of A at fc = 0 JP denoting hypergeometric functions!. 

For numerical computation we note that 6 ^ 1 in the range of mass numbers 
we are interested so that the hypergeometrio functions reduce to 1 and 
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RESULTS AND DISCUSSION 

■p 0 

Fig. 1 and 2 give the calculated values of -^and B' respectively plotted against 

mass numbers in the region A = 40 to j 4 = 200 for different shapes of the imaginary 
potential, for comparison the corresponding experimental data (as given in the 
paper of Perey et ci, 1962) are also shown. The values of our parameters are the 
same as given by Jain (1964) viz. 

F, t=: 62 Mev, a = 0.62 fin and E => 1.26il*'*fin. 

IF has been suitably chosen by us as TF == 3.6 Mev for pure surface absorption 
and 1F« — TFi *■ 2.30 Mev for volume plus surface absorption. W have taken 
the same diffusivity parameter for both the real and imaginary parts of the 
potential. 
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0 40 80 120 160 200 
Atomic Weight 

Fig. 1. Calotilated values of S-wa,ve neutron strength function, Pn^’/D as a function of mass 
number, compared with experimental data. The solid curve is for pure surface absord- 
tion and the dotted curve corresponds to combined volume and surface absorption. 

(1 X 10-W) 



40 120 200 
A 

Fig. 2. Calculated potential scattering radius F' as a function of mass number compared 
with experiment. The solid curve and dotted curve correatpond to pure surface absorp- 
tion and combined volume smd surface absorption respectively. 

In order to show the effect of surface absorption on the strength function we 
compare oases of pure surface absorption and combined volume and surface ab> 
8<nption, the real part of the potmtial being taken to be of Woods->Sazon type 
with the same parameters for all the calculations. Neutron strength function in 
the case of pure volume absrption with uniform radial distribution of Woods- 
Sazon type has been investigated by many authors (Feshbach, 1958 : Ohosh 
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a at, 1961) and found to be in fair agreement with experimental data near the giant 
resonance ^ -^60 while at the minimum the theoretical values are significantly 
higher than the measured values. 

In fig. 1, we have kept the peak heights at ^ 50 almost the same in both 

the oases of pure surface absorption and volume plus surface absorption by ad- 
justing the strength of the imaginary potential while all other potential parameters 
left unchanged. We have found that Ifce diminution of the strength of the ima- 
ginary potential lowers the value of nfinima and raises the heights of the peaks 
simultaneously while the opposite resifits are obtained when the strength is /in- 
creased. The main effect of surface absorption has been shown in the vicinity 

of the minimum at ~ 91 where the calculated values of r»%tre smaller in the 


case of pure surface absorption compared with that in the case of combined volume 

P 0 

and surface absorption. The two maxima of the case of pure surface ab- 


sorption are equal in height on account of the periodicity of our expression for 

P 0 

in 22 unlike the case for volume plus surface absorption (also for pure volume 


absorption). As regards the second maximum at A ^ 148 we notice that unlike 
the theoretical curve the experimental curve indicates the existence of two small 
peaks rather than a smooth peak and the measured points are more irregular, 
lower and scattered. This disagreement may be explained by taking into account 
the deformed structure of nuclei in that region. 

The fig. 2 gives the results of theoretical calculations for Ji\ the potential 
scattering radius, compared with the experimental data (as quoted by Percy 
et al, 1962). We see that the theoretical curve for pure surface absorj)tion gives 
deeper minima and higher maxima that that for combined volume and surface 
absorption. The agreement with experiment is fairly good in the region A = 40 
to 160. The results of calculations with combined volume and surface absorption 
give somewhat better agreement with experiment than those witli pure surface 
absorption. Above A = 160 the theoretical curves deviate much from experi- 
mental findings, the discrepancy may be duo to asphorical shape of nuclei in that 
region. 

We wish to thank Professor D. Basu for his many helpful discussions. 
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ABSTRACT. Viscosity of several pc^ organic vapours has been measured by a 
precision all-metal oaoillating-diso visoome^r, over the temperature range 30°-200''C and 
below a pressure of 10 cm Hg. The results Jbave been utilised to obtain some significant 
information on inter-molecular forces in thei^ Bubstancos. 

INTRODUCTION 

Amongst transport properties like thermal conductivity and thermal diffusion, 
viscosity is not significantly affected by inelastic collisions. This property, with 
the recent improvements in the techniques (Kestin et al, 1959 ; Flynn et al, 1963 ) 
can be measured very accurately. Consequently, temperature dependence of 
viscosity is one of the most important sources of information regarding inter- 
molecular forces in polyatomic gases. For polar gases a farther complication in 
the intermolecular forces is the angle-dependent dipole-dipole interaction. In 
order to have precise knowledge of intermolecular forces in polar gases we 
have taken up a programme for the measurement of viscosity of these gases over 
a range of temperatures. In this paper we have reported the viscosity data for 
three polar organic vapours, viz. diethyl ether, ethyl acetate and ter-butyl alcohol 
over the temperature range 30° — 200°0. 

EXPERIMENTAL 

The viscosity was measured by an all-metal oscillating-disc viscometer similar 
in design to that of Kestin and Leidenfrost ( 1959 ). The apparatus together with 
its accessories have been described in detail by Pal et al ( 1967 ). At low 
densities it is possible to calculate viscosity from the following simple expression, 
(difton, 1963), 

where 7 is the viscosity of the gas, A, A^ and t, Tq are the logarithmic decrements 
and time periods of oscillation in the gas and vacuum respectively and 0 is a cons- 
tant of the apparatus. In order to determine the constant 0, H2 and N2 were taken 
as the calibrating (purity better than 99.96%). The viscosity data for thero 
gases WM© taken from the best available sources (Barua a al, 1964, Kestin 
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et al, 1963). Diethyl ether, ethyl acetate and ter-butyl alcohol' were of 
analytical reagent standard and were distilled and dried by specific drying agents. 
The reproducibility of dampings were within 0.1% and the overall accuracy of 
our measurements should bo well within 1%. 

The viscosity values for these polar gases have been recorded in table 1. 
Previous viscosity data are available only for diethyl ether. For this substance 
the present data are 7-8% lower than those reported by Titani (1933) in the higher 
temperature range. In the lower temperature range as well (upto 77.8°C) our 
values are 4-6% lower than those reported by Craven et dl (1961). The possible 
causes have been discussed in detail in a previous paper (Pal et al, 1967). 

INTEBMOLECULAR POTENTIALS 

The intermolecular potential for polar gases is usually represented by the 
Stockmayer or 12-6-3 potential which can be written as, 

<p(r) = 4e[((r/r)«— ((T/r)«-f 5{cr/r)*], (2) 

S — i A*Wi. ^ 2 . 9); A* == {2a) 

p) = 2 cos dl cos <? 2 — sin di sin cos ( ... (2b) 

where fti, are the dipole moments of the interacting molecules, 6i, 0^ are angles 
of inclination of the dipoles to the line joining the centres of the molecules, ^ is 
the azimuthal angle. For /i,, or n^-* 0, eq. (2) reduces to the well-known Lennard- 
Joncs (12:6) potential for non-polar molecules (Hirschfelder et al, 1964). Moncuick 
et al (1961) have calculated the collision integrals for the 12-6-3 potential 
by assuming equal probability for aU the relative orientations of the interacting 
dipoles. In order to fit the viscosity data to the 12-6-3 potential we have followed 
the procedure of Monchick et al (1961) according to which we have the following 
equations : 

log [ 1 } X 10’/if*T7/«] == log [r*a/» <£2«.«*(T*)>]-i-f 0.06377-1 log/t 

+|log#«a., (3) 

log T = log T^-flog {elk), (4) 

where ij is in gjorn. sec, M the molecular weight in gm/mole, T is in °K and /t in 
debyes (1 debye =10~“ esu). If the model is capable of representing the data, 
a plot of the ezperimeptal quantities log [ 10 ^:y/if* 2 ^A] yg, i(^ T should be super- 
posable by translation of axes on a plot of log[(2’*)*^* < Q (*t*>*(T*) >]“* vs. log 
ir*(<Q<*A>*> being the averaged collision integrals). The amotmt trandcitif^ 
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ftlong the abscissa detenoines e/i: and that along the ordinate gives which 
is given by the relation 

4eo-o5«a, = 2/ta ... (6) 

It has, however, been observed that the viscosity data cannot be fitted satis- 
factorily to the 12-6-3 potential by the method described above. The discrepancy 
is more pronounced in the lower temperature region. As a typical example, the 
experimental and the theoretical plots from eqs. (3) and (4) are shown in figs. 1 
2 for diethyl ether. It is clear from a look at figs. 1 and 2 that the two curves 
are not at all superposable at lower temperatures. At higher temperatures the 

—0.18 


% 

g, —1.006 
^ -1.016 
—1.026 

—1.036 

2.4 2.6 —0.16 —0.06 
log T log T* 

Figure 1. Plot of log vs. log T. Figure 2. Plot of log log T*. 



plots are almost straight hnes and are superposable. This feature is quite under- 
standable from physical considerations. The assumption of equal probability 
for all the relative orientations of the interacting dipoles will hold when the time 
of interaction is large compared to the time between collisions. This condition 
is likely to be satisfied better at higher temperatures. It also appears that parti- 
cularly at lower temperatures viscosity is affected significantly by the dipole-dipole 
forces. Thus the suggestion of Monchick et al (1961) that the viscosity is insen- 
sitive to the dipole-dipole forces probably holds only at high temperatures. 

At lower temperatures when the collision time increases, the dipoles may get 
a chance to reorient during an encounter. Different pairs of molecules will thus 
interact with different relative orientations and it is possible to assume an ‘effec- 
tive’ relative orientation for aU the molecules which wiU be a function of tempera- 
ture. This idea can easUy be tested by tayng 5 to be an independent pammeter 
(Itean et at 1961). Under this condition we have the followmg equations 

log[i 7 Xl 07 (JlfT)*] = log[ft‘*»*'*(2’*.<^)]''+^o«266.93-21og<r ... (6) 

logT = logT*+log{elk) ••• 
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where o<*»*>* {S, T*) is the unaveraged collision integrals which have been eva- 
loated by Itean et al (1961) and also by Monchick et al (1961). 


Table 1 


Viscosity of diethyl ether, ethyl acetate and ter>butyl alcohol at different 
temperatures and force constants for the 12>6-3 model by assuming an 
effective relative orientation of the dipole 


Substance 

TOO 

1) X 10® 

(g.cm"*.Boo.“*) 

Potential parameters 

<r(A) 

dk{^K) a 


30.0 

66.66 




55.2 

73.87 



Diethyl ether 

100.0 

85.20 

5.684 

476.4 0.63 


150.5 

96.96 




200.0 

106.50 




30.5 

68.12 




54.5 

75.29 



Ethyl acetate 

99.2 

86.56 

5.711 

475.8 0.64 


150.2 

98.78 




200.1 

109.60 




30.0 

67.41 




55.6 

74.34 



ber*Butyl alcohol 

100.0 

85.10 

5.699 

467.1 0.63 


149.7 

95.73 




200.0 

105.25 



A series of plots of log [£2<®.*’*(3r*)]"* 

VS . log IT* for different S values were 

r-w X 10" * 

nade. On these plots another plot of log 

vs log T was superposed 


by the translation of axes. The value of S was determined from the curve which 
gave the best fit and ejk were obtained from the amount of translations along the 
ordinate and abscissa respectively. The effective value of g was obtained from 
the relation 


cTo*. B . (efh) 
181 1/(* 


... ( 8 ) 


where <r is in A, e/b is in °K and n is expressed in debye However, 
it may be seen that B as obtained by us are positive which correspond 
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to repulsive orientation of the dipole and are physically less probable. This may 
be due to the offoentre nature of the dipoles. Some progress in this direction has 
been made for equilibrium properties by Lawley e< al ( 1963 ). 
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ABSTRACT. Belations have been derived connecting the Debye characteristic tem- 
perature 0 with some of the lattice proi)erties of the ionic crystals using the interaction 
potential approach. The relations are independent of the particular shape of the potential 
fimctions and also consider the polarization of ions arising from the electric held due to the 
displacement of the ions. Computed values of 0 agree very well with the 0 values obtained 

from specific heat and the elastic constant data. 


INTRODUCTION 


It is well known that the Debye characteristic temperature 0 is an important 
indicator of a number of physical properties of a solid. The most reliable method 
of evaluating 0 is from the specific heat of solids. However, when such calori- 
metric values of 0 are scarce, one has to look for other methods of determining it. 
Estimates of 0 can be obtained from the elastic constant data (De Launay 
1966, Quimby et al, 1963, Betts et al, 1966a, b, Horton et al, 1969, Horton 
1969) by finding the sum of the inverse cubes of the three phase velocities of propa- 
gation of the elastic waves averaged over all directions. In general, particularly 
for anisotropic media, the evaluation of this sum is a complicated and tedious 
problem. Another method which is significantly simple is the computation of 
0 utilizing the observed lattice properties of a solid. In the present paper wo 
discuss this approach for ionic crystals of the alkali halide typo. 


Blackman (1966) from the lattice theory of specific heat obtained a relation 
between @ and the compressibility J3 of b, lattice for crystals of the rocksalt type as 


I 



1 (5Ro'* 
2w\ . 


( 1 ) 


where h is Planck’s constant, k is the Boltzmann’s constant, is the equilibrium 
interionic distance and tn is the reduced mass. Using a Bom-Mayer type of ionic 
potential Mitra et al (1960a) also derived a similar relation. This relation 
was obtained by considering a specific form of the potential energy of the crystal 
and the expressions for its first and second derivatives for the static lattices. The 
characteristic frequency v was obtained from the relation 

- <« 


828 



829 


Z>e6ye Temperature of Ionic Crystals 


whore / is the coefficient of displacement of one lattice relative to the other when 
the potential energy due to such a relative displacement is expressed as a power 
series (Huggins 1937). This method ignores the ionic polarization produced by 
the relative displacement of the two lattices which, however, has a considerable 
effect on the frequency (Born et al 1954). Further, this relation is strictly appli- 
cable only if the compressibility and the lattice constants for static lattices are 
used, which unfortunately are not directly observable. In order to be able to use 
the room temperature data the relation should bo modified. In what follows, 
relations are derived for ionic crystals connecting the Debye characteristic tem- 
perature 0 with the compressibility and ether lattice properties but without assum- 
ing a specific form of the potential energy function. The electronic polarizability 
of the ions has also been considered. The relations are further modified to permit 
the use of the room temperature input data. In addition to the above modifica- 
tions the present work also differs in the use of more recent experimental data 
(Cubicciotti 1969) for the compressibility and the interionic distance. 


DETERMINATION OF 0 

The potential energy ^ of the crystal per pair of ions can be written in the form 

^=^(1>C+^R (^) 

where is the Coulomb potential and is of the form cde^jR where a' is the 
Madelung’s constant. <{>r contains the energy contributions other than the electro- 
static energy and includes the repulsive energies, the Van der Waals attractive 
energies and may include the zero-point energy. An expression for the force 
constant / can be obtained following Bom et al (1954), Szigeti (1961) and 
Krishnan ei al (1951) as 


For static lattices, using the two well known conditions for the first and second 
derivatives of the potential energy one obtains (Bom et al, 1964, Szigcti 1961) 

f ... ( 6 ) 


wl»re c » the i«ekh.g teeter (e - 2 for N.C1 type ery^ele »d e - 

type oty»talB). In genend. using the expressions giten by Hildebrand (1931) 


/ dxir \ 


ZvTot 
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where a is the thermsd expansion coefficient and Fj,p is a temperature dependent 
factor which is very nearly equal to unity (Oubicciotti 1959), we derive for/ the 
expression 

/ = ( 8 ) 

The electronic polarizability is considered by taking into account the contribution 
to the potential energy from the polarization field of the medium (Bom et al, 
1954) and the expression for v is obtained as 

where e and c* are the static and high frequency dielectric constants. In addition, 
one can also take into account the deformation of the charge distribution resulting 
from overlap. Lyddane et al, (1941) and Szigeti (1951) treat this problem by 
introducing the idea of an effective charge and obtain another expression connect- 
ing the compressibility and the frequency. However as equation (6) is independent 
of the electronic charge and gives a better agreement with the experiment (Hardy 
1961, Hass 1960), it is preferred. Using equations (8) and (9) one can readily 
obtain 


© 


where 


/3ciJo\* 

\ mfi / 


... (10) 

i-l-H 


(11) 


For the simple case when T = 0 and the polarization of the medium is ignored 
one obtains from equation (10), for NaCH type lattices. 


0 = 


h J_( 6^0 \* 
k * 2n\ I 


• • • 


(12) 


which is the same relation as that obtained by Mitra and Joshi (1960a). 

RESULTS AND DISCUSSION 

© calculated from equation (10) using the experimental data for 
(Cubicciotti 1959) and a(Weyl 1956, Kumar 1969, 1960) are given in table 1 
(column 2) together with 0 values (column 6) estimated from experimental infirared 
absorption frequencies (Bames 1932, Jones e# ol, 1961, Hass 1960) . For com- 
parison 0 of Blackman (1955) and do from cpecific heat data are also given- 
It is well known now that the 0 values derived from different properties are not 
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necessarily equal. 0 varies considerably with temperature and as such different 
0 values should bo compared only if they are evaluated for the same temperature 


Table 

Values of Debye Temperatures ©°K 

Crystals £q. (10) Exptl. Expll. Exptl. Elastic (Mitra (Blook- 
(Blaokman (A.I.P.*, froq. constant and Joshi man 
1906) 1963) 1960a) 1966) 


LiP 


399 


607—760 732 440» 


6760 834 686 


NaF 

296 

— a 

— 

366« 

NaCl 

260 

276—300 

321 

236«.236'» 

NaBr 

206 

— 

— 

196c 

Nal 

181 

— 

164 

168® 

KCl 

108 

218—236 

235 

206^207c 

KBr 

164 

162—183 

174 

167® 

KI 

144 

116—200 

132 

146® 

Bba 

168 

— 

— 

171® 

RbBr 

126 

120—136 

— 

129® 

Bbl 

111 

100—118 

— 

109® 

CsCI 

139 

— 

— 

143® 

CsBr 

103 

— 

— 

106® 


a Using experimental frequency from Barnes (1932). 
h Using experimental frequency from Hass (1960). 
e Using experimental frequency from Jones et al, (1961). 


— 

469 

— 

295<^ 

322 

292 

202** 

262 

— 

166® 

222 

— 

230^* 

270 

233 

167‘« 

198 

186 

124<« 

170 

162 

, 

203 

— 

129® 

148 

136 

102® 

125 

119 



166/ 


136® 

120/ 

— 


d Reddy (1963). 
e Joshi et ol, (1900). 

f Mitra et al, (1960b). 

♦Amorioaa Institute of Physios Handbook, 1963. 


ranoe The theory shows that Blackman’s relation as well as our relation will 

8 ^ equattodO 

computed values (oolunma 7 and 8) “““8 (Blackman 1965) it ic to be 

.rfjm.ee i. made to the de-Tplots fa rfkab 

noted that ou. v-"" - "^P^bing fanpem- 

For Ka the curve mdicates a trend to lower reasonable agreement. 

t.i«oftheoricrof276"Kand..aucl.o.rvJucculnb.t..re.aon.b 
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It also applies to KBr. For KI, even though our value compares well with the 
average do, it does not agree with the general tendency of do value to increase 
with increasing temperature. Blaokman also points out that the case of Kl 
is anomalous and further investigation of this crystal is desirable. For RbBr 
and Rbl our values agree well with the average 6^ values. For CsCl and CsBr 
only indirect experimental values of 0 from frequency are available and with 
these our values show an excellent agreement. In general for most of the ionic 
crystals our equation (10) seems to be definitely superior. 
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ABSTRACT. Relations are derived for the absorption frequency of ionic crystals in 
terms of various lattice properties following a sidJple and direct approach through the aasump- 
tion of a few realistic interaction potential funo<ion.s, in particular an exp : exp typo of poten- 
tial. The derived relations permit the use of room tomperaturo input data and also consider 
the electronic polarizability which is nogloctod In the rigid ion approximation. The absorp- 
tion frequencies have been computed utilizing recent data for various lattice properties. A 
very satisfactory agreement has b(5en found with the measured values of the frequency as well 
os with the frequency computed from the frequency versus wave vector dispersion curves. 


INTRODUCTION 

Born and his collaborators (1954) using a simple interionic force model cor- 
related the cohesive energies with the lattice constants and the compressibility 
and obtained a reasonable degree of success. Szigeti (1949, 1961) and indepen- 
dently Odelevski (1960), using the simple Born model derived relations for the 
absorption frequency in connection with the theory of dielectric constants but 
found the results at variance with the experiment. The disagreement with the 
experiment was also noticed with regard to lattice vibration calculations based 
on simple Born model, in particular, whe^i the frequency versus wave vector dis- 
persion curves were compared with those determined experimentally by inelastic 
neutron scattering (Woods et al, 1960, 1963, Cowhy et al. 1963). Szigeti (1961) 
pointed out that the failure of his relations indicated the distortion polarization 
of ions displaced relative to one another. Attempts to explain part of the 
deviations have been made by Bom et al (1954), Tolpygo (1950), Lundqvist 
(1965^ 1967) and in terms of a more complicated model of dielectric polarization 
by Dick et al (1968) and by Hanlon et al (1969). Yamashita (1966) in their 
treatment of the dielectric constants of ionic crystals have also considered the 
connection between polarization of ions and the repulsive force between them. 
Woods et al (1960, 1963) and Cowley et al (1963) used a shell model originally 
developed by Dick et al (1968) for the interpretation of their results from inelastic 
neutron scattering. Somewhat similar attempts to explain the experimentally 
observed dispersion curves have been made/ by Hardy (1969, 1901, 1982) and 
Hardy et al Karo (1960). 


833 
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Szigeti (1951) obtained two relations, the first connecting the absorption 
frequency Oq with the static and high frequency dielectric constants e and 
respectively, as 


where m is the reduced mass of an ion pair and N the Avogadro Number, and the 
second connecting the absorption frequency with the compressibility J3 as 



where v is the volume of the lattice cell and Rq the equilibrium interionic distance. 
Szigeti (1951) introduces the idea of an effective charge e* to account for the distor- 
tion of ions by overlap forces. Attempts to compute the magnitude of e^je hav(' 
been made among others by Szigeti (1951), Lundqvist (1955, 1957), Dick el al 
(1958) and Havinga (1961), Lundqvist has also investigated the effect of the 
second neighbour interactions neglected in the simple theory, by assuming a 
more complicated model involving three body as well as two body interactions. 
Three body interactions have also been discussed by Szigeti (1960, 1961), 
Karo et al (1963) and Hardy et al (1965). It should be point(^d out that Szigeti 
relation (2) connecting the absorption frequency with th(' compressibility does 
not involve e* and should still be correct in the approximation when ionic dis- 
tortion is treated in terms of distortion dipoles determined by the nearest 
neighbour ionic separation. The d(wiation of the results of this equation from 
the experiment therefore should not be attributed to distortion moments and 
one must look for the explanation of discrepancies elsewhere. 

Information about infrared absorption frequency coq can also be obtained 
from the frequency co versus wave vector q dispersion curves '(Woods et al, 1969 
1963, Cowley et al, 1963, Karo et al, 1963, Hardy ct al, 1965, Kcllcrmann 1940, 
1941) and finding the transvers(3 optical frequency at q = 0, which incidentally is 
a laborious procedure and provides an indirect description of the intorionic forces. 
Szigeti’s expressions as well as the frequency versus wave vector dispersion curves 
based on simple Bom model or other complicated models of dielectric polari- 
zation (Woods et al, 1960, 1963, Cowley, ct al, 1963, Dick et al 1958, Karo et al 
1963, Hardy et al Karo 1966) are independent of the particular shape of the 
potential function or the potential parameters. In addition these expressions 
require the condition for the stability of a static lattice. They are strictly 
applicable only at very low temperatures and also if zero point vibrations are 
neglected. Deviations (Hass 1960) arc found to occur when room tempera- 
ture values are inserted in these relations. 
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Another approach which is simple and direct is through the assumption of 
a central pairwise potential function and the consitleraiion of electronic polari- 
zability which is neglected in the rigid ion approximation. Relations can then 
be derived for the absorption frequency in terms of various lattice properties. 
Further, as the various lattice properties are not directly observable for static 
lattices the relations can be modified so that they permit the use of room tempera- 
ture values. In what follows, the detennination of the absorption frequencies 
on the basis of more realistic potential forms in conjunction with various lattice 
properties has been made. The derived relations allow the use of room temperature 
data for the compressibility /?, the intcrionic distance and other lattice pro- 
perties. Moreover, the values of Rq and P as well as of the Madelung term 
occuring in the potential function and as reported in Born et al (1954) and 
Huggins (1937) have undergone a rather important change. Since then a 
rodotermination of these quantities lias been made and a more reliable data is 
available (Cubicciotti 1959, Spangenberg 1956, Spangenberg el al 1957) which 
lias been used in the present work. 


INTERACTION POTENTIALS 

A knowledge of tlie accurate potential energy function is very necessary for 
investigating the interaction potential approach which lays emphasis on the parti- 
cular shape of the potential function. The potential energy ir of the crystal 
per pair of ions can be written in the form 

ijr ~ 4>c-}-'pR ■” 

where ^ i. the Ooelomb poteeliel i. of the form where «■ i. ‘ho 

oletant and e the eleelronic charge. eontame the energy eontnbntmna 
Z tte eleetro^atie energy and include, the repnl.ivo -rgre the 

j w..l.aHr«ctirreenergie« and may inctadc the aoro-point energy. The force. 

“Zy j/tho oth» lattiee properti™. It i» • r,-«.«o ^“Zt 
t.ke toto account the forces between nearest neighbours only. If zero-point 
“Zu « • P-tf of . 1 .. I.«<oc cnolgy. the cohreive energy H per mol. 

is given by v 

U = ~[Ntif+eo] ' ' 

naraio iftD cun bc expcctcd to be of the form 
where 69 is the zero-point energy per mole. 4>r 

or may be taken to bc of the type 

= B exp (— JS/p)— 

when Van der Waals forces are also atoms has been 

parameters. The interatomic potentia e w potential form as well 

studied intenaively using the famibar Lennard-Joucs P 
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as by the other potential forms sach as the Buckingham- Comer, the exp ; six 
and more recently by the exp:exp potential form. Alkali halides are the closest 
to the theoretical model for ionic crystals having rare gas structures. In view of 
the apparent success of these potentials in explaining the behaviour of inert gas 
atomic structures, 4>r can also be given a form based on these potentials provided 
the potential parameters are determined independently and directly using the 
observed lattice properties. This restriction is important because it has been 
shown by Bittner (1951) that the earlier attempts to calculate the binding energies 
and other properties of alkali halide gas molecules from Born lattice theory assum- 
ing that the repulsion constants are the same for gas molecules as for the crystals 
are certainly not valid. A few of the properties of some ionic crystals using simple 
inverse forms that is BR“^* for the repulsive energy and for the attractive 
energy (Lennard-Jones potential) were studied by Sharma and Madan (1961, 1964). 
However, the expressions for the Van der Waals terms —DR~^, etc.) 

are not very satisfactory for closely situated atoms when the overlap is predomi- 
nant, though the dipole-dipole potential probably reproduces the correct order of 
magnitude. A more realistic form is perhaps desirable to express this attractive 
contribution to the total lattice energy. As such, of particular interest is the 
exp : exp form for the interaction energj'. This potential was used initially to 
explain the vibrational spectra of diatomic molecules, but has not been tried 
for ionic crystal lattices. Here we have considered this potential to examine the 
characteristic frequencies and other lattice properties. In order to test its suit- 
abUity as an ionic potential we have also investigated, for comparison, the poten- 
tials given by equations (6) and (6) as well as the Lennard-Jones potential. Using 
an exp : exp form, the equation for is written in a simplified form as 

ij,R = ... (7) 

where B, C and p are the potential parameters. 

ESTIMATION OF LATTICE FREQUENCIES 

Many of the macroscopic properties of crystals can be obtained from the 
dynamic motions of their lattice particles. The statistical mechanics of such 
motions gives the expressions for the free energy of the system which in turn can 
be related with the total internal energy E and the entropy by the thermodynami- 
cal relations (Bom et al, 1964) such that we can write 

E U (8) 

Here U, the lattice energy is a function only of the interatomic distances or of 
volume in the adiabatic approximation (Dobbs et al 1957). represents 
the thermal energy exluding the zero-point energy. The zero-point energy which 
is also dependent only on volume, is included in V (see equation (4)). The ions in 
the crystal are held in their respective positions by the forces included in the 
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representation of U. Usually the derivatives of U are evaluated at absolute zero 
and m the absence of zero-point energy. In order to be able to use the room 
temperature values of lattice properties, the derivatives should be evaluated at 
the moan positions which the atoms actually occupy at the temperature T. For 
this purpose one can use the expresabns given by Hildebrand (1931), obtained 
from equation (8) as (using i/r instead of U for convenience) 


and 



(9) 


... ( 10 ) 


where a is the thermal expansion coefficient and Fxp is a tomporature dependent 
factor which is very nearly equal to unity. Tlje expression for this is given in 
Cubicciotti (1959). When there is a small displacement of the lattice of positive 
ions relative to the lattice of negative ions, there is a (‘hange in the internal energy 
of the crystal. The contributing effect is mainly contained in the change S(f»n 
(Szigeti 1951, Krishnan et al, 1951). The energy change is 


— 2 ... ( 11 ) 

where r is the displacement of the two kinds of ions relative to each other, and 
mtxir^ = /, the force constant. Neglecting anharrnonieity the frequency 6>r is 
given as 


Of 



( 12 ) 


To evaluate /, one has to add up the interactions of one of the ions with its 
nearest neighbours. Starting with the appropriate equation for the interaction 
potential, the force constant could be estimated as a coefficient of r in the expan- 
Sion of diJrjdR as a power series in r. The potential parameters are then evaluated 
with the help of the relations (9) and (10). Thus for a crystal of NaCl type, using 
the 6xp:oxp potential (equation (7)) we obtain 


r 1 

/a'e* 

3»3Pa \ 

L/i>/2o 

1 

k 

pRo } 




where E' are the energy values which are derived from the experimental energy 
values listed by Seitz (1940) considering the zero-point energies (Cubicciotti 1969). 
Alternatively, one could proceed following Krishnan ct al (1961) and Bom 
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et al (1954) and obtain / in terma of the first and second derivatives of 
as 


/ = 


1 

3 




(14) 


It can be verified easily that equations (13) and (14) are essentially equivalent. 
Equation (14) is more convenient for computational purposes. Similarly using 
the potential forms represented by equations (5) and (6) we obtain for the force 
constant / as 


and 


_ 1 

■ a'e* 


f^-2) 



\p 1 

[ /aV^ 


C 

] -2 

' ^0 

R ® 

- 

I \ p 


whereas for the Lennard- Jones 12:6 potential / has the value 


( 16 ) 


(16) 


(17) 


The values of the force constants thus determined are given in table 1, where 
they have been compared with each other. The force constant / is entirely 


Table 1 

Values of force constants /x 10*"^ 


Crystals 

(Eq. 13) 

(Eq. 17) 

(Eq. 16) 

(Eq. 16) 

LiF 

6.6a 

8.10 

6.84 

6.76 

Lia 

4.31 

6.04 

4.41 

4.26 

LiBr 

3.83 

5.59 

3.87 

3.37 

Lil 

3.25 

4.90 

3.33 

2.21 

NaF 

5.66 

6.22 

6.34 

6.26 

NaCl 

4.31 

4.81 

6.30 

6.12 

NaBr 

3.63 

4.10 

4.28 

4.09 

Nal 

3.08 

4.05 

2.98 

2.65 

KOI 

3.12 

3.49 

4.10 

3.95 

KBr 

2.40 

2.85 

4.33 

4.18 

KI 

2.22 

2.60 

3.84 

3.28 

RbCl 

3.35 

3.50 

4.59 

3.71 

RbBr 

2.94 

3.02 

4.32 

3.38 

Rbl 

2.65 

3.06 

2.71 

2.08 

Csa 

3.07 

3.26 

3.43 

2.57 

CsBr 

2.74 

2.67 

3.07 

2.89 

Csl ’ 

2.44 

2.87 

2.06 

— 
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deleted from . kaowlodgo of H .ad i, to typo of di»pl«»„e„t fa 
whioh the dectromo polarirahflity i„ the crystal is ig„„cod. The electrooic 
^farmobdity is oonddored by taking into aceonnt the poUrimtion of the medium 
(Bom «oi 1964, Shigoti 1951, Lyddune ,1 ol 1941) and an expression for the 
force constant can be obtained (Born et al 1964) as 


e»+2“'' 


... (18) 


Equation (18) is derived by considering a lattice of polarizable ions, which contri- 
bute to the local polarization, firstly, a moment due to their displacement from 
lattice sites and secondly, the moments induced in the ions by the effective field 
representing the Coulomb interaction. In addition, one can also consider the 
electronic dipole moment created by local distortions when a positive ion 
appoaches a more polarizable negative ion and which affects the field in the 
overlapping regions (Szigeti 1951, Mott et al 1948). Following Szigeti’s idea of 
an effective charge e* one can derive an expression for the force constant / 
in terms of the dielectric constants and the distance ]t„. The result is 


9.Ro’‘ (c— 


(19) 


Jt can bo seen from equation (18) that a knowledge of is necessary for the deter- 
mination of /, whereas, for equation (19) ^ve need in addition to the experimental 
data on dielectric constants, the values of e* and The effect of local distor- 
tions duo to the neighbouring ions is eliminated in equation (18) and as such it 
is preferred. Hardy (1961) also indicates that equation (18) is obej^ed bcttei 
than equation (19) particularly for crystals containing light ions. liquations (13) 
and (16) to (17) in conjunction with equation (18) may now be subjected to test 
in computing the infrared absorption frequencies. These are tabulated in table 
2. The experimental frequencies reported are tliose given by Barnes (1932) 
and Jones et al (1961). As mentioned earlier, the parameters ocurring in various 
relations for interaction potentials as well as for / arc determined using relations 
(9) and (10). C, the Van dor Waala constant, in expression (6) can be evaluated 
from the above conditions or its value as given by Huggins (1937) from a 
careful analysis of optical data can bo used. /? and other terms used were 
those reported by Cubiciotti (1959) except the a values which are those listed 
by Weyl (1966) and Kumar (1959, 1960). It can be seen from the table that for 
crystals containing lighter ions, the exp:exp potential is definitely better than the 
Lonnard-Jones potential. Exp. model or modified exp. model gives satisfactory 
results only for a few^ crystals. As we proceed down the table, we see that Lennard- 
Jones potential gives quite good results for crystals containing heavier ions. This 
is in confirmation with our earlier findings (Sharma et al 1961). However, one 
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cannot fail to notice that the exp:exp potential also yields equally good results for 
these crystals leading to the conclusion that this potential is definitely better 


Table 2 

Values of absorption frequencies 
«o(10«seo.-») 


Crystals 

Exptl. 

(Barnes 

1932) 

Exptl. 
(Jones et 
aU 1961) 

exp : exp 

Lennard- 

Jones 12 : 6 

ModiOod 

exp. 

exp. 

LiF 

5.78 



5.22 

5.78 

5.32 

5.28 

LiCl 

— 

— 

4.04 

4.74 

4.09 

4.02 

LiBr 

— 

— 

3.79 

4.58 

3.81 

3.56 

Lil 


— 

3.68 

4.47 

3.68 

3.00 

NaF 

4.64 


3.87 

4.10 

4.14 

4.11 

NaCl 

3.09,3.09* 

— 

3.22 

3.41 

3.58 

3.49 

NaBr 

2.52 

2.55 

2.66 

2.83 

2.89 

3.83 

Nal 

2.20 

2.20 

2.34 

2.68 

2.30 

2.17 

KCl 

2.67,2.68* 

2.71 

2.51 

2.64 

2.87 

2.82 

KBr 

2.13 

2.18 

1.88 

2.05 

2.52 

2,48 

KI 

1.85 

1.91 

1.74 

1.85 

2.29 

2.12 

RbCl 

2.22 

2.24 

2.20 

2.24 

2.57 

2.31 

KbBr 

1,65 

1.69 

1.62 

1.65 

1.98 

1*79 

Rbl 

1.45 

1.42 

1.45 

1.55 

1.45 

1.28 

CsCl 

1.85 

1.87 

1.81 

1.87 

1.92 

1.66 

CsBr 

1.41 

1..39 

1.49 

1.45 

1.58 

1.54 


* Hass (1960). 


than the other ionic interaction models for the whole family of alkali halides 
considered here and should be preferred for the calculation of lattice properties. 
The present computed values of the absorption frequency of those alkali halides 
which have been considered by Karo et ai (1963), Hardy et al (1966), Woods 
et al, (1960, 1963) and (]!owley ei al (1963) can be compared with the values 
obtained from frequency versus wave vector dispersion curves for g = 0 by them. 
It is seen in general (from their curves) that the agreement is very reasonable and 
the deviations observed by us from the experimental measurements using the 
/ values from exp:exp model or Lennard-Jones 12:6 model appear to be roughly 
of the same nature and magnitude as that noticed by them. We did not hope to 
produce as good an agreement between the theory and experiment as that found 
by using the dispersion curve approach, nevertheless in view of the present 
simple and direct approach it is significant that we appear to confirm their results 
within a few percent. We consider that the agreement verifies that the general 
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picture and main features of our approach are correct and our theory leads to 
results which are in general in reasonable agreement with the experimental data 
that exist/and also with the values obtained from dispersion curves. 

Using the experimental values of the absorption frequency Wq, Szigeti (1951) 
calculated the compressibilities employing equation (2) using however, the 
room temperature data. The equation (2) is obtained with the aid of equation 
(18) and the relation 


1 



.. ( 20 ) 


Odelevski (1960), Dick et al (1968), Hanlon et, al (1969) and Lundqvist (1966, 
1957) have proposed generalisations of the Szigeti formula (2) to take into 
account different aspects of dielectric polarization. Hass (1960) naing these 
different proposed formulae finds that his experimental data is in good agree- 
ment with frequencies calculated using the Szigeti furmula (2). The formulae 
of Odelevski and Lundqvist when combined also give comparable results, though 
its appropriateness for all the alkali halides is doubtful. Thus it is prefer- 


Table 3 

Values of compressibilities 


Crystals 

pcalo. 

/Sobs. 

(a) 

/Scale. 

fiohs, 

(b) 

/Scale. 

^obs. 

(o) 

Pcalc. 

Pobsr 

(d) 

LiF 

0.82* 

1.06* 

1.00 

1.00 

NaF 

0.70* 

0.86* 

0.83 

1.01 

NaCl 

ia3*(1.12) 

1.08*(1.08) 

0.99 

1.03 

NaBr 

1.03 

1.14 

1.13 

1.01 

Nal 

1.16 

1.14 

1.06 

1.03 

KCl 

0.91(0.93} 

0.94(0.96) 

0.96 

1.07 

KBr 

0.97 

0.96 

0.96 

1.30 

KI 

0.98 

0.98 

0.99 

1.18 

RbCl 

0.96 

0.92 

0.89 

1.00 

RbBr 

0.94 

0.89 

0.83 

0.99 

Rbl 

1.04 

0.96 

0.66 

1.02 

CsOI 

0.94 

0.91 

0.87 

1.00 

CaBr 

0.94 

0.96 

0.87 

0.98 


(a) Using equation (21) with experimental values of frequency (Jones et al., 1961). 

(b) Using Ssigeti equation but recent data. 

(o) Szigeti (1961). 

(d) Galoulated ftom equation (21) using the exp : exp potential. 

Values marked * and in parentheses are those for which the experimental firequenmes 
have been taken firom Barnes (1932) and Ha a s (1960), respeotivrfy. 

7 
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able to use the Szigeti relation (2). However, this relation was derived without 
considering the specific form of the potential. A relation similar to equation 
(20) connecting the compressibility and the force constant (and hence the absorption 
frequency) but permitting the use of room temperature values of JBq can 

also be derived. Such a relation is useful but cannot be used to test the appro* 
priateness of a particular ionic potential. Using equation (14) and equations 
(9) and (10) it can be shown that 


p ^v{FTP^lTa) 


... ( 21 ) 


The values of the compressibilities thus calculated are given in table 3. In this 
table are also given the values of iPcaie-lflobt^ following Szigeti when recent data 
for absorption frequency (Barnes 1932, Jones et al 1961), Rq and (Cubicciotti 
1959) are considered. For comparison old values of Szigeti (1961) are also listed 
in column 4. We have also listed in this table the values of the ratio, taking 
by using the / values obtained from the interionic potential (column 2, table 1). 
Even though Poba were one of the experimental data in addition to the experi- 
mental Bq and ct values used for the determination of potential parameters, 
it is of some use to obtain these values to see how well the force constants obtained 
from different lattice properties taken together reproduce a single lattice property. 
When a comparison is made between columns 2 and 3 it is seen that the values 
of compressibility using modified equation (21) agree more with the experimental 
values for most of the crystals. The agreement is slightly inferior to value cal- 
culated using Szigeti relation for only a few crystals such as LiF and NaF. This 
is mainly due to the large deviation from unity of the factor Ftp for these 
crystals. It may be remarked that these new redetermined values computed 
using recent data show a better agreement with experiment over the old values 
of Szigeti. 
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ATTENUATION CHARACTERISTICS OF VLF WAVES 
FROM THE WAVEFORMS OF ATMOSPHERICS 

MANORANJAN RAO 

Bose Institute, Caloutta, India, 

(Received April 26, 1967) 

ABSTRACT. In this paper a reevaluation of the data published earlier by Khastgir 
elal (1960) and Bhattaoharya et al (1964) has been made to obtain the attenuation 
ooeffloients of VLF radio waves. The wave-guide mode-equation deduced by Wait 
(1967, 1958) has been used and the results obtained are compared with those of Taylor and 
Lange (1958). Attempt is made to explain the discrepancies between the results of the 
different authors. 


INTRODUCTION 

Ever since it had been established that lightning discharges radiated electro- 
magnetic energy mainly in the VLF-band of frequencies, increasing attention of 
the various investigators in this field has been directed to the utilization of the 
naturally occuring YLF emissions for the study of the propagation characteristics 
of frequencies in the VLF-band. The main idea was to study how the spectra 
radiated by the lightning discharges varied with distance. Different workers 
adopted different techniques in recording and analysing the atmospherics or their 
waveforms for obtaining maximum information about the VLF-propagation with 
minimiim possible assumptions. For example, Gardner (1950) recorded only 
the integrated levels of atmospheric noise on some chosen frequencies and studied 
how these levels changed with the time of the day. Bowe (1961), on the other 
hand, recorded tuned amplifier responses to individual sferics on certain chosen 
frequencies and determined how the radiation field on any frequency with respect 
to that on some reference frequency varied with distance. Similarly Chapman 
et al (1963), Taylor et al (1958), Taylor (1960), Hepburn (1969, 1960) Obayashi 
et al. (1969, 1956), and Croom (1964) also studied the change in the radiated 
spectra of atmospherics with distance and obtained reasonably accurate values for 
the attenuation coefficients for the VLF-frequencies. Khastgir et al (1960) and 
Bhattaoharyya et al (1964) also made similar studies and following the method 
given by Bowe (1961) deduced how the ratio of field components on two 
firequencies varied with distance. In present jpaper an attempt is made to 
obtain the absolute values of the attenuation coefficients from the data 
published by Khastgir et al (1960) and Bhattaoharya et al (1964). 
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THE METHOD OF ANALYSIS 

WMe Khast^ c« al (1960) recorded the tuned ampimer responses on some 
selected frequencies only (usually four in number). Bhattaoharya H al (1964) 
subjected the recorded waveform to Fourier transformation by laborious 
numerical integration and obtained more or less continuous spectra within the 
range of 3-16 kc/s. These authors adopted the method given by Bowe (1951) 
which can be briefly summarised as follovf : 

The radiation field on any frequency / at a distance d can be written as 

= ./4f,d) (1) 

where A(fi describes the source spectrum and p{f, d) represents the attenuation 
suffered by the component frequency / and is a function of distance d. Obviously 
the distance occurring in the denominator accounts for the free-spacc decrement. 
If the amplitude at any frequeny f„ is measured relative to that at some reference 
frequency /j we can write, 

KfnS ^ pM m 

E{h,d) A(f,) -piUd) ”• 

Now if we assume that A{f„)jA{fQ) is statistically invariant, and if measurements 
are made on several lightning sources at different distances, then the ratio E{f„, d)l 
^ifo> d) when plotted against d would indicate how p{f„, d)lp{ff), d) behaves as a 
function of d. Following this argument of Bowe (1951) Khastgir ci al (1960) 
and Bhattaoharya H cd (1964) gave plots of E(f„, d)IE(fo, d) against d, for several 
values of /„. 

It has now been established that the VLF-waves when propagated to great 
distances over earth behave as if they are propagated through the waveguide 
formed by the lower boundary of the ionosphere and the earth. Extensive theo- 
retical work has been done by several workers on this aspect of the problem viz. 
Budden (1961), Wait (1962). The expression deduced by Wait (1967, 1968) has 
been used by Taylor et al (1968) and Croom (1964) with consistent results. The 
expression deduced by Wait is given by : 

where E(f, d) and A(f) have the same meaning as in (1) and «(/) is the attenuation 
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ooeffioient in nepers and a is the radius of the earth. In vieu^ of (3), the left hand 
side of (2) can be written as 

&f4- ^ <«P <*) 

Taking logarithms we write : 

•^Uo* -^Wo) 

Thus if the assumption is made that A(fn)l-^(fo) ^ ® statistical constant of the 
source, the plots of In against d would give a straight line with a slope 

S{foi (»s 

equal to the relative attenuation ooefi&oient [a{fo)-~cc{f„)]. 

RESULTS AND DISCUSSION 

The data given by Bhattacharya et al (1964) for the ratio E{f„, d)/£(/o, d) 
for different distances are replotted sati 8 f 3 ring the equation (6) in fig. 1. The 



Kg. 1. Tariation of 20 log with distanoe d for fipoqoenoioa /« * 8, 8,6, 7, 8, 12 

•»(/«») 

and 16 ko/a. (The reforenoe fireqoenoy/o — 10 ko/a) 
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Fig. 2. Attonuation Coefficients in db/1000 km for frequencies in the range 3-15 ko/s 
— Comparison with the results of other workers. 

ordinates are expressed in db and straight line approximation holds good at almost 
aU the frequencies of 3, 5, 6, 7, 8, 12 and 15 kc/s. The reference frequency 
chosen by the authors was 10 kc/s and so the slopes of the straight lines in the 
figure correspond to the attenuation coefficients at the particular frequencies 
relative to that at 10 kc/s. 

A similar calculation has been done for the data of Khsatgir ef al (1960), 
and the relative attenuation coefficients have been determined. It has been 
found in this case that the plots showing E{fn, «i)/^(/o» against d are too 
scattered to yield a straight line. This is due to the fact that the distances reported 
by Khastgir et al are rather small (the maximum distance being 1600, km) 
Since equation (3) takes into account only the dominant mode in the series re- 
presentation of the field component, it is valid only when the distance from the 
source is very groat. Nevertheless, mean straight lines are drawn through the 
scatter of points representing the data of Khastgir et al and the relative attonuation 
coefficients have been determined (these mean curves are not shown). The 
reference frequency chosen by Khastgir et al is 12 kc/s. In order to effect a 
comparison between the results thus obtained and those given by others, the values 
of a at 10 and 12 kc/s have been taken from Taylor et al (1958) and the relative 
attenuation coefficients have been converted into absolute umts. The final results 
are given table 1 and are illustrated in fig. 2. 

It can be seen from fig. 2 that the results of Bhattacharya et al show a 
better general agreement with those of Taylor et al than the results of Khastgir 
et al. The main reason for this is, as already mentioned, the relatively 
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Table 1 


Attenuation coefBoients of YLF- waves for frequencies 3-16 ko/s 


/ 

Frequency - 
in ko/s. 

Attenuation ooeffioient a in db/1000 Km. 

Taylor and 
Lange''^ 

Bhattacharya 
and Bao 

Khastgir and 
Srivastava 

3 

X 

4.35 

X 

4 

4.76 

X 

X 

6 

3.88 

3.85 

X 

6 

3.06 

3.35 

fi.OO 

7 

2.26 

3.35 

3.00 

8 

2.1U 

2.66 

2.80 

9 

2.26 

X 

1.20 

10 

2.66 

(2.55) 

1.60 

11 

2.25 

X 

X 

12 

2.00 

2.16 

(2.00) 

13 

1.60 

X 

X 

14 

1.76 

X 

X 

16 

2.10 

1.00 

X 


* These values ore obtained approximately from the curves given by Taylor and Lange. 
The figures in brackets are taken from the data of Taylor and Lange for comparison (see text). 

amallfir distances of the lightning sources in the observations of Khastgir 
a cd. Even between the curves corresponding to the data of Bhattacharya 
St oZ and to those of Taylor et al the discrepancies are quite apparent. 
The mnin souTce for these discrepancies is the assumption made by Bhattacharya 
et al regarding the constancy of qiectral content of the source. Taylor 
et al (1968) overcame this u nr ealistic assumption by recording the same sferic 
at more than one station and by taking the ratio of the spectra at these stations. 
Also, while the data of Bhattacharya et al represent averages over a large 
number of sferics irrespective of the direction of travel, the terrain, etc, those of 
Taylor et al coire^nd to a few sferics originating from a particular storm. 
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ABSTRACT* Crystals of sarcosine hydrochloride, C3H7O2 N.HCl, belong to the mono- 
clinio space group P2i with cell dimensions a =9.00 A, 6=6.93 A, c=6.41 A and jSaasOG®. The 
number of molecules per unit cell is two. The crystal structure has been solved by two 
dimensional Patterson and heavy atom Fourier synthesis. The positional co-ordinates of 
atoms (hydrogen atoms excluded), together with their isotropic temperature factors, have 
been refined by the method of least-squares, R value at this stage of refinement being 0,18. 

The sarcosine molecule is not a zwitterion, the two C— 0 distances being C(l)— 0(1) = 
1.19 A and 0(1)— -0(2)11 = 1,36 A. The molecules in the crystal are held together by a three- 
dimensional network of hydrogen bonds of the types N-H— 0 and 0-H— 0. The protonated 
a-amino nitrogen of the 0(2) — 0(3) group makes two hydrogen bonds with the two 
chlorine ions and assume a tetrahedral configuration. 

INTRODTJOTION 

Sarcosine— a methyl derivative of glycine— belongs to a group of biologically 
important compounds containing 1 -carbon pool participating in transmethyla- 
tion reaction and its chemical formula is, 

H H 

1 I .0 

HjC N C Cf 

I ^OH 

H 

One of the objects of the study of this compound is to derive information about 
the influence of the substitution of a methyl group in the amino group of glycine 
on molecular structure and biological properties. Sarcosine in the form of dif* 
ferent hydrohalides and metal complexes is being studied in oiir laboratory. The 
pr^nt communication deals with the crystal structure of sarcosine hydrochloride. 

The needle shaped single crystals of sarcosine hydrochloride were prepared 
by slow evaporation of an aqueous solution of this compound at room temperature. 
The unit cell dimensions, as determined &om rotation, oscillation and Weissenberg 
photographs, are : 

a 9.O0I, b » 6.93I, c » 6.41A and » 96 ^ 

860 
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Systematic absence of okl reflections for k odd and other considerations clearly 
indicate that the space group of sarcosine hydrochloride is P2i. The density of 
crystal, as determined by the method of floatation is 1.66g.om-» while that cal- 
culated for two formula units of (C3H7O2N.HCI) in the unit cell is 1.46g.cm-». 

Three dimensional intensity data were collected about b and c axes by multiple 
film equi-inclination Weissenberg technique. The dimension of the crystals used 
was so small that the absorption correction was thought unnecessary (the linear 
absorption co-efficient for Cuk, being S6 cm~^). The intensities were, however, 
corrected for spot shape, Lorentz and polarisation factors and put on absolute 
scale by Wilson’s method. 

iSTRUCTTJRE DETERMINATION 

The positions of the two heavy atoms (i.e. chlorine) in the unit cell were 
located from two Patterson projections along b and c axes. The (010) projection 
being centrosymmetric, the structure analysis was first attempted with hoi reflec- 
tions only. A minimum function was drawn graphically using a single Cl-Cl 
peak in the Patterson synthesis projected on (010). Though the minimum func- 
tion could not reveal the structure satisfactorily, it provided some clue to the 
structure. At this stage a Fourier sjmthesis projected on (010) was calculated 
iiaing about 60% of the observed ] | values and the phases of the heavy atoms 

i.e. two- chlorine atoms. 

The Fourier s3mthesis was computed on IBM 1620 using the program written 
by US here in our laboratory. A tentative model of the structure was derived from 
the (010) Fourier projection and the minimum function. The x and z parameters 



Kg. l.Saroosme hydrochloride: Fourier synthesis projected on (010). 
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of the atoms obtained from the tentative model wore used in the oaloulation of 
structure factors and the value of the disagreement factor {B) for Kd reflections 
only was found to be 36.9%. The atomic parameters were first refined by a 
difference Fourier S 3 nathesis and later by least-squares method. After a few 
cycles of refinement the R value dropped to 19.8%. A unit weighting scheme was 
used throughout the refinement. A Fourier synthesis projected on (010) was 
calculated at this stage of refinement and is shown in fig. 1. 

In order to determine the y co-ordinates of the atoms a chlorine-phased Fourier 
synthesis projected along c axis was calculated. Due to considerable overlapping 
of electron density peaks, as was observed on this projection and a spurious mirror 
plane of symmetry normal to h axis, as inherent in such structure, the determina- 
tion of y co-ordinates of the atoms from p{xy) projection became rather 
difficult. It was, therefore, thought worthwhile to take full advantage of the 
knowledge of the tentative model derived from the b-axia projection to interpret 
the Fourier map. Fortunately, this worked all right. The x and y co-ordinates 
of atoms thus obtained were refined by least-squares method using hko data alone. 
After four cycles of refinement the B value for hko reflections was 16.9%‘ At 
this stage, three-dimensional refinement of all the atomic parameters was started 
by least-squares method and after a few cycles of refinement the B value was found 
to be 18%. The atomic parameters as obtained at this, stage of refinement are 
given in table 1. The intramolecular and intermolecular bond lengths and bond 
angles are given in tables 2 and 3, respectively, and diagrammatically shown in 
fig. 2. 



Fig. 2. Sarcoaine hydroobloride t Bond Imgtiba and bond angles. 

DISOUSSIOET OF THE STRUCTUBB 

The two 0—0 bond lengths C (1)— 0(1) = 1.19A and 0(1)— 0(2) = 1,36A in 
the carboxyl group of saroosine hydrochloride (table 2) indicate that the hydrogen 



The Crystal Structure of Sarcosine Hydrochloride 853 

atom is bound to 0(2) and the molecule is not a zwitterion. The C = 0 double 
bond length (l.loA) agrees fairly well with the average value for this bond (1.2061) 
dedu^ by Hahn (1957) from other amino acids. The C— 0 single bond distance 
(1.36A), though shorter than standard C — O bond length (1.4ll) quoted by Pauling 
(1960), is in good agreement with the average value (1.365A) cited by Hahn 
(1967). The C(2) ^N''‘H 2 bond length (1.431) of sarcosine hydrochloride has been 
found to be much shorter than the average value (1.6021) of this bond for other 
amino acids, but it compares well with that in N-acetylglycino (Donohue, ct ol 
1962). The bond length C(l) — C(2) = 1.621 is in good agreement with that for 
the same bond in other amino acids. The bond distance C(3)— N(l) = 1.471 
between terminal methyl carbon and the amino nitrogen agrees well with the 
standard C — bond distance (Pauling, 1960). Of the three angles around the 

Table 1 

Sarcosine hydrochloride ; atomic coordinates and isotropic temperature factors 


Atom 

x!a 

yib 

z!c 

B(l>) 

Cl 

.1602 

.2648 

.0760 

1.28 

0(1) 

.4066 

.7888 

-.0483 

1.69 

0(2) 

.6009 

.7341 

.2658 

1.55 

N(l) 

.2087 

.7604 

.2804 

2.19 

0(1) 

.4612 

.7923 

.1613 

1.00 

0(2) 

.3617 

.7981 

.3704 

0.52 

0(3) 

.1142 

.7360 

.4842 

1.67 


Table 2 

Sarcosine hydrochloride : intennoleoular bond lengths and bond angles 


Bond length in A 


Bond anglo in degrees 

c(iy-o(i) 

1.19 

0(1)-C(1)— 0(2) 

126° 

0(1)— 0(2) 

1.36 

0(1)— C(l)-C(2) 

120° 

0(1)— 0(2) 

1.62 

0(2)— 0(1)— 0(2) 

109° 

C(2)-N(l) 

1.43 

0(1)— 0(2)— N(l) 

111° 

N(l)-0(3) 

1.47 

0(2)— N(l)-0(3) 

112° 
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Table 3 

Saroosine hydrochloride : intermoleoular bond lengths and bond angles 


Hydrogen bond digtanoe (A) Hydrogen bond angles 


0(2H-H— 0(1) 

2.87 

C(l)_0(2)-0(1) 

108^64^ 

N(l)— H— ^1/ 

3.15 

C(2)-N(l)-€1// 

93no' 

N(l)— H Clj/ 

3.21 

0(2)— N(l)— d// 

110°12' 



C(3)— N(l)— d/ 

95®22' 



C(3)-N(l)-d// 

106®23' 


d/ and Cl// are related by a unit translation along b axis. 


carboxyl carbon C(l), the two on the either side of the C(l) = 0(1) double bond, 
i.e. 0(1) — 0(1) — 0(2) = 126° and 0(1) — 0(1) — 0(2) — 120° are, as expected, greater 
than the remaining angle 0(2) — 0(1) — 0(2) = 109°. As in other amino-acids the 
bond angle 0(1)— 0(2) — in saroosine hydrochloride is almost tetrahedral within 
the range of experimental error. The bond angle 0(2) — N — 0(3) which is expected 
to be 120°, as in N-aoetylglycine, has been fotmd to bo 112°. It appears that the 
nmiTio nitrogen in this case has assumed more or less a tetrahedral configuration. 

The molecular arrangement of sacrosine hydrochloride projected on (010) is 
shown in fig. 3. There are altogether three hydrogen atoms in the molecule 



i 


Fig. 3. Saioosinfi hydrochloride : Molecular packing viewed along 6 aals. 

UTailable for hydrogen bond formation, one from the carboxyl oxygen and two 
from amino nifrogen of C — group. The carboxyl oxygen 0(2) of one mole- 
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oule forms a hydrogen bond 'with the carboxyl oxygen 0(1) of the other symmetry 
related molecule. The 0(2)— H — 0(1) hydrogen bond distance is 2,87A (Table 
3), The protonated amino nitrogen of the C(2)— N+H^- CHj group forms two 
hydrogen bonds with two chlorine ions and assumes a tetrahedral configuration. 
The two N— H-Cl" distances are 3.161 and 3.2lA (table 3). 

Three dimensional refinement of the structure on a fast computer is in 
progress. An elaborate account of the structural details and conformation will be 
published elsewhere shortly. 
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ABSTRACST. Electron paramagnetic resonance technique has been employed to deter- 
mine precisely the orthorhombic (/-tensors and their orientations in the imit coll in three copper 
tutton salts, namely, copper rubidium sulphate hexahydrate, copper cesium sulphate hoxahy- 
drate and copper thallium sulphate hexahydrate. The results have been compared with those 
of other Tutton salts reported earlier (Bose et al^ 1964 ; Ghosh eU al,, 1965). The comparison 
brings out clearly appreciable variation in the nature of the ligand field from salt to salt, pre- 
sumably due to the long range effect arising from distant neighbours outside the primary 
ligand cluster. 

INTRODUCTION 

In previous communications (Bose e( a(, 1964; Ghosh et al, 1965) it has been 
shown that the e.p.r. method can be conveniently utilized in probing the throe 
orthorhombic axes of the magnetic complex and finding the three principal ionic 
g-values in the single crystals of copper tutton salts. The results of application 
of the method to the case of copper potassium sulphate hexahydrate, copper 
ammonium sulphate hexahydrate, copper potassium selenate hexahydrate and 
copper ammonium selenate hexahydrate have been reported in that connection. 
The same method haa been adopted to three other tutton salts, copper rubidium 
sulphate hexahydrate, copper cesium sulphate hexahydrate and copper thal- 
lium sulphate hexahydrate; and the results are discussed in the present paper. 

METHOD OP MEASUREMENT 

In all these salts variation of g-valuea was studied at room temperature in 
four natural planes of the crystals, namely c(OOl) plane, &(010) plane, 2(011 or 
Oil) plane and p(110 or llO) plane with the help of 1.2om transmission t 3 rpe e.p.r. 
spectrometer (Ghosh et cU, 1963). Actually measurements in three planes are 
sufficient for determining the denoting the principal ionic g- values and their 

orientations, but the measurement in an additional plane has been used to mate 
a check on the final results. 
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.H. .f .»a the «... « ,„e .we i„e 

obtaim.! .t comy,„d.„gly ,|iff.™, 

. given pta. .. mterv.1. ot 10’ (someth 5-) ft. b.„ g... 

:r ,rr:: •» 

where W. 


^12 ■ - fia — ^23 ~ i‘ 

in which a,-, fi(, ji represent the direction cosines of G{ relative to the orthogonal 
X(a), 7(6) and Z{c') axes of the crj'Stal respectively. 

RESULTS AND DISCUSSION 

From the above mcaaurcments the six incioponclent coefficients defining 
the gf^-ellipsoid have been detormined. These arc given in table 1, 

Table 1 



^11 

Caa 

CJ 

Cia 


Cas 

Cii(RbS 04 )a. 6 HaO 

5.217 

4.995 

4.210 

0.600 

0 

-0.125 

Cu(CfiS04)3.6Ha0 

5 215 

5.015 

4,487 

0.655 

0.209 

-0.029 

0u(TlSO4)a.6H2O 

5.211 

5.002 

4.407 

0.682 

0.234 

-0.193 


By tho method of matrix diagonalisation, from these six coefficients in each 
of these salts the principal (/-values and their orientations have been obtained. 
The principal (/• values and their orientations are shown in table 2 and table 3 
respectively. The exj)criraental data for other tntton salts reported elsewhere 
(Bose ti alf 1964; Ghosh et al, 1965) are also included in tables 2 and 3 for 
comparison. 

It will be seen from table 2 that the ^^-ellipsoids in all these salts arc of 
definitely orthorhombic symmetry. It will be seen by examining table 3 that 
tho angle, the f^g-axis makes with the symmetry axis of the monoclinic cryistal 
(i*e.&-axis) is nearly the same for all the salts. On the other hand, all other angles 
vary appreciably for the different salts. This is perhaps due to the fact that in 
all the salts 0^ axis coincides with the approximate tetragonal axis of the para- 
magnetic complex and the difference in orientations in the different salts arise 
from a distribution of alkali atoms or acid radicals, which vary from salt to salt, 
9 
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Table 2 



Gi 

Ga 

03 

Cu(KS04)a. 6HaO* 

2.055 

2.I67 

2.384 

Cu(NH.S04)a.6Ha0* 

2.058 

2.208 

2.358 

Cu{Rb SO.la.OHaO 

2.049 

2.127 

2.392 

Cu(C8 SO4)a.0HaO 

2.079 

2.149 

2,407 

Cu(Tl S04)a.6Ha0 

2.027 

2.17o 

2.40e 

Cu(KSe04)a.6Ha0t 

2.07s 

2.I64 

2.357 

Cu(NH4S0O4)a.6HaOt 

2.06a 

2.123 

2.398 


*Bose et al, 1964, fGhosh et al, 1965. 


Table 3 


Co«'"^ai Cos'^yi Co8*^a2 Co8~^/?2 Co8~^Y2 Cos-^aa Cos'^^Pa Cos^^Ya 


Cu(KS04)a.6Ha0 

0 

0 

0 

00 

0 

24°. 5 

54°. J 

134°. 1 

114 °. 4 

41°. 1 

49 ° 02 ° 

(48°. 6)* 

Cu(NH4S0*)a.6H80 

109°. 9 116°. 7 

33 °. 6 

4r.9 

131°. 8 

92°. 2 

54°. 9 

62°. 7 66°. 6 
(49°. 6)* 

Cu(KSe04)2-6Ha0 

108°. 9 104°. 5 

23°. 0 

49° 

139° 

89°. 4 

46°. 5 

52°. 6 66°. 5 

(50°. 7)* 

Ou(NH 4 Se 04 )a. 6 HaO 

92°. 2 128° 

38°. 1 

36°. 6 

119°. 3 

109°. 9 

53°. 6 

61°. 9 69° 

(51°. )♦ 

Cu(RbS 04 )a. 6 H 30 

98°. 5 75°.! 

17°. 3 

51°. 2 

136°. 3 

73° 

40°. 1 

50°. 1 93°. 1 

(49°. 8)^ 

Cu(C 8 S 04 ) 2 . 6 H 30 

12r.5 59°. 4 

46°. 8 

67°. 5 

125°. 3 

43°. 8 

40°. 3 

50°. 3 83°. 8 
(50°. 9)* 

Cu(TlS 04 )a. 6 HaO 

118°. 2 58°. 9 

44°. 5 

63°. 9 

124°. 3 

45°. 6 

40°. 2 

49°. 9 87°. 8 
(49°. 7,* 


♦Angular values within parentheses are the angles obtained from magnetic anisotropy 
oxporimonts (Bose et al, 1957) on the assumption of approximate tetragonal symmetry about 
the Ga axis. 


packed about the equatorial plane of the complex without affecting appreciably 
the relative orientations of the S 3 rmmetry axis. The orientation angles do not 
appear to bear any strict sequence to the ionic radii of the alkali atoms or the 
acid radicals. It appears that the NH, and T1 sulphate salts which do not strictly 
belong to those of the alkali metal series K, Bb and Cs, have decidedly a more 
pronounced orthorhombioity of the ligand field. Their angular orientations except 
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008-* fis also do not fit in the sequence of the other three sulphate salts In the 
solenate salts, however, this larger orthorhombicity appears to bo largely compen- 
sated by the presence of Se04~* ion. 

Variation in the gr-tensor in the isomorphous Tutton salts indicates very 
clearly that the ligand field, especially its anisotropic part, is not only dependent 
on the primary ligand cluster but also upon what arc the more distant neighbours 
and how they are situated, in short what is their effect upon the Cu*+ ion directly 
or indirectly through the immediately neighbouring water dipoles, since in the 
isomorphous series of salts it is only sonm of these distant- neighbours which are 
different. The information, however, is as yet far from complete and situation 
is too complex to render an accurate explanation of the said difference in aniso- 
tropy behaviour. 
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electrode glow during electrolysis and 

LIBERATION OF HYDROGEN AND OXYGEN 
TOGETHER ON THE ELECTRODES 

SANTI R. PALIT 


Dkpabtmbwt Of Physical Chemistby, 

Indian Association eob thb Cultivation of Sciknor, 
Jadavpub, Calcutta-32, India. 

{Received December, ZO , 1967) 


In a preliminary note (Palit, 19()7) the author has reported that on applying 
a D.C. voltage of about 200 volts, one of the electrodes usually the cathode starts 
glowing after an initial incubation period. This is acconipanicid by a sharp 
drop in current strength, and by the discharge of big bubbles in place of the 
usual stream of fine bubbles of gas on the glowing electrode as also to some 
extent’on the other electrode. However, the gas liberated on the electrodes on 
analysis showed results which are novel, unexpected and hitherto unknown, 
and the present note makes a preliminary report of the same. 

Analysis of the Gas — ^The gas liberated on the cathode on analysis was 
found to contain both hydrogen and oxygen. However, the oxygen content was 
not constant. Sometimes the gas clleoted over the cathode could be exploded 
leaving a small residue and at other times the gas could not be exploded by electric 
spark. The gas oolleoted over various electrolytes (0.2N solutions of hydrochloric 
acid, ammonium sulphate, barium chloride and potassium chloride) was found to 
contain on analysis in a Hempel pipette a considerable quantity of oxygen (16 
to 50 percent by volume). This is probably the first time that oxygen is reported 
to be liberated in considerable quantiy at the cathode side. We also cheeked up 
the composition of the gas liberated on the non-glowing anode. It was observed 
that as long as the glow does not start on the cathode, the anodic gas is composed 
of oxygen only. However, when the cathode starts glowing the gas liberated on 
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h an^e is a mixture of oxygen with a large percentage of hydrogen. Similar 
tlu^s (i.e the presence of oxygen in the cathodic gas and hydrogen in the anodic 
gas) are observed even under incipient glow condition, i.e. when there is no glow 
but big bubbles start forming on the respective electrode in place of the usual 
fine bubles. 

Faraday s Law We checked up to see the relationship between the extent of 
eleotrodeoomposition and Faraday’s law. A number of cloctrolytes were exa- 
mined and the results were quite surprising. The volume and composition of the 
gas liberated by electrodecomposition with the same quantity of ( Icctricity was 
found to be highly variable with the iiature of the electrolyte and was usually in 
exoess of that given by Faraday’s law^ However, the reproducibility was poor, 
there being large variation in yield frclm experiment to experiment under a])pa- 
rently the same conditions. Evidently, Faraday’s law has nothing to do with 
this reported phenomenon and the mechanism must be different from normal 
ionic conduction mechanism. 

Mechanism — It is difficult from such preliminary information to venture a 
s^gg^stion about the mechanism of the observation in question. Tt was first 
thought that along with usual electrolysis another concurrent decomposition of 
water was taking place cither due to the catalytic decomposit ion of water vapour 
on the glowing electrode, or due to localised high potential gradient owing to micro- 
cavity formation, or duo to some local action. This idea agreed quite well with 
observations on bariinn chloride solution whicli givt s tins glow very well and where 
the volume of oxygen liberated at tlie cathode? side is below 20 per cent. How- 
ever, in some other cases (HCI, NaOH and KCl) this idea is untenable as the 
oxygen content of the cathodic gas is between 40 to 50 per cent. Plain decom- 
position of Water can not account for more than one-third volume of oxygen. 
Besides, the idea of catalytic thermal decomposition of water can not be support- 
ed on thermodynamic grounds. The sudden drop of current along with disappear- 
ance of turbulence at the onset or ncar-onset of glow is very significant and is 
analogous to somedischarge and glow phenomena in gases. Probably some 
kind of explanation from that field has to be invoked. However, it appears 
that some ion radicals (probably charged molecular aggregates of water) are 
involved. This is inferred from the fact that the intensity of glow as well as 
current strength decreases on applying a magnetic field at right angles to the 
flow of current. Further experiments are in progress and detailed results will 

be published later. 

. Thanks are due to Prithwis Kumar Basu for experimental assistance. 
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m OUADRUPOLE RESONANCE IN BENZENE 
SULPHONAMIDE 

KARTAR SINGH and SANTOKH SINGH 

Ministey Defence, Reseaeoh and Development Oeoanization, 

Defence Science Ladoratoey, Metcafe House, Delhi-6, India. 

(Received Novemlier 9 , 1967 ; Resubmitted January 25 , 1968 ) 

Nuclear quadrupole resonance in nitrogen compounds such as hexamethylene 
tetramine (Watkins ef al, 1952), amino and amido compounds (Kojima et al, 1959), 
cyanogen compounds (Casabclla et al, 1958), nitriles (Nigita et al, 1960), urea 
(Chiba, 1958), thiourea (Guibc, 1961), ammonia .(Smith et al, 1964), nitrogen 
Schott (1962) (a phase) has been reported recently. Most of these compounds 
involve N— C, N = N or N— H bonds. The resonant frequency in these com- 
pounds lies in the range 2Mc/s-5Mc/8. In this note N^^ resonance in benzene 
sulphonamide (CgHsSOjNHj) is reported. 

The resonance was studied by means of Pound-Watkins spectrometer (Pound, 
1962; Pound el al, 1950) using frequency modulation. The incidental amplitude 
modulation was eliminated to a great extent by introducing a compensating modu- 
lation signal of suitable phase and amplitude (Butcher et al, 1961). The resonant 
signal was amplified by a narrow band amplifier and rectified by a schuster-type 
detector (Schuster, 1951). 

The com}K)und benzene sulphonamide is slightly piezoelectric in nature and 
gives rise to a number of signals which arc similar in shape to quadrupole reso- 
nance signal. This disturbance has been avoided by grinding the material to a 
fine powder which raises accoustical resonance of the crystallites but does not 
effect the quadrupole resonance. The whole of the frequency spectrum from 
about 1.5Mc/s to 7.0Mc/s has been scanned. Only one resonance line has been 
found at the liquid oxygen temperature. The resonance frequency lies at / == 
3.172 Mc/s±. 001 Mc/s and the corresponding quadrupole coupling constant 
e^qQjh = 4.229 Mc/s assuming asymmetry parameter rj to be zero. If there is 
a free internal rotation of NHj at this temperature or hydrogen bonding involv- 
ing lone pair of electrons on nitrogen the asymmetry in field gradient may be 
removed. The line width between points of maximum slope is 1.1 Kc/s. A 
comparison of results for benzene sulphonamide and hexamethylene tetramine 
is given in table 1. 
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Compomul 

^0 

Avi 2 ko/s 

Reported 

CsHjSOjNlU 

3 172 

1.1 

— 

(CH,) N, 

3.402 

1 .1 

1 .OSke/s 


The derivative of the absorption lin(' is shown in fig. ] a. For comparison the shai.e 
of the resonance curve due to hexainethylene tetramine is given in fig. lb. 


O 

s 






T 


-I 


3.163 3,171 3.179 

Frequency. 

Fig, la. Resonance peak for bonzeno 
sulphonamide. 


3.298 3.306 Mo/s 

Frequency, 

Fig. lb. Resonance peak for the 
hexamino. 
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SPACE GROUP ANP UNIT CELL PIMENSIONS OF 
COMPLEX SILVER LUTIDINE NITRATE 

T. RATHO AND MRS. M. KRISHNASWAMY 
Regional Engineering OoiiLEGB, Rourexla-S, India. 

(Received Jawiary 24, 1967). 

Complex silver lutidine nitrate crystals are obtained by slow evaporation 
from an aqueous solution of the substance in acetone. 

The crystals belong to the orthorhombic system. The unit cell dimensions 
are obtained from rotation and Weissenberg photographs along [001]. The 
dimensions of the unit cell are as follows : 

o = 13.39A, 6 = 16.93jL, c = 6.88A 

zero and first layer Weissenberg photographs along [001] were taken and the 
following systematic extinction were obtained. 

Aoo— even present; oko —even present; ool— even present; hko — no 

condition; okl—k-\-l even hol—h even 

From the above conditions the space group is assigned as P«o21 

The density was determined by flotation method and was found to be 
1.664gm/cc 

The density calculated by considering 4 molecules per unit cell is 1.636gm/cc. 
Further work on the determination of the complete structure of the substance 
is in progress. 
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In case of liquid the configuration changes continuously with time. Taking 
the time average of these different configurations, we would plot tike average 
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number of nuclei as a function of the distance, from the atom at the origin. Wo 
would now get a continuous carve with at different distances, the Iieights 

of these peaks decreasing as the distance from llui atom at the origin increases. 
After some distance this curve fails to show any structure. With rise of tempera- 
ture the heights of these peaks and tlu^ number of distinct peaks decrease. 


The continuous curve with peaks and flat regions in case of liquids can be 
explained by the assumption that a liquid consists of a large number of randomly 
oriented crystals of submicroscopic size, each containing quite a few atoms, and 
are connected with each other by layeis of a wholly amorphous phase. The 
Submicroscopic crystals, again are forhoied and are broken dovm within a short 
time giving rise to new crystals which again break down and so on. These 
groups are named by Stewart (1930, 1931) as "‘cybotactic groups’" (or regions). 

It is of interest to note that the average number of nearest neighbours of the 
atom at the origin is approximately same as it is in the solid. So this atom in 
the above plot will vibrate as in a solid. Since this atom is chosen at random, 
we conclude that all the atoms in a liquid will vibrate and for simplicity we may 
assume that the amplitude of vibration of the atoms in the liquid state is cons- 
tant and is the same as the amplitude at the melting point. 

In addition to this vibration the atoms in the amorphous phase may have 
the motion of translation like the atoms in a perfect gas. To find the number of 
such atoms, we will assume after Silverman (1933) that the groups or clusters 
break down due to the impact of the simple atoms in the amorphous phase. 
When these simple atoms collided against a cluster, some of them are captured 
in the cluster and some atoms from the cluster arc thrown out. Thus the old ones 
breaks down giving rise to new ones, Wo may take the possibility of emission 
to be proportional to the possibility of capture, 

is the area of cross section of the incoming atom, where A is the wavelength 
associated with it. If « is its velocity then nX^v is the volume of the cyUnder 
sewpt by the atom in unit time. If n is the number density, then jrA*uw is the 
number of encounters with this atom in unit time. Thus the possibility of 
capture and hence the possibility of emission may be taken to be proportional 
to the number of such encounters. The number density n can be taken as LM 
where L is the total number of atoms present in the total volume V of which 
/(F) is a function. Since A « ^ and t> a TK the possibility of emission may be 


given by where 0 is a constant. 

Thus the number of atoms emitted by the clusters may be given by OT-^N 
where N is the number of atoms in the clusters. When temperature nses, this 
measures the temperature rate of decrease of the number of atoms in the clusters 

at the temperature. So we write 

iN « -0T-*NdT 
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from this we get 

N = Le-^{Ti-TJ) 


imposing the condition that at temperature Tm the solidification point all the 
L atoms lose the motion of translation i.e. at T = N = L. So the number 
of atoms in the amorphous phase is given by 


Using this expression we are explaining the equation of state, specific heat, 
surface tension, viscosity and difiision of liquids in other papers. 
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knowTtfTI ; f." Z contribution “Introduction to SoUd State Physice” is weU 

toojm to students and teachers of solid Physics, and has been widely accepted as a general 
text book for an mteoductory course in this developing branch of physics. The present con- 
tribution is intended for more advawed studies purely on the tlieorotical aspects of solid state 
ph^cs, and be considered as a natural extension of his earlier one, although a gap seems 
still to exist between the two contributions. 


The book starts with a brief mathematical introduction stating the usofiil formulae of 
crystal physios and quntum mw.hanics nenessfry for calculations of solid state theory. The 
various excitations in solids have been dealt Irith very thoroughly in tho first few chapters. 
The advanced theoretical treatment of field particles, phonon, magnon, plasmons, polarons, 
excitons etc. will mterest the students of not only solid state physics but also quantum field 
theory and particle physics. Tho book covers tho thoorotical aspects of almost all essential 
topics of solid state physios including theories of energy bands, Brilloiiin zones, Fermi surface, 
metals and alloys, superconductivity, somiconductor properties, magneto-resistance, magneto- 
dynamics in solids etc. The reviewer is particularly happy to find a separate chapter entirely 
devoted to Green s function technique which is often used very profitably in solving many 
problems of solid state theory. The main text in each chapter has been followed by a set of 
illumuiating problems, left to tho gtudonts as oxerniso. 

The method of second quantization has been noressarily and frequently used in the 
first part of tho book, and it would have been more appropriate if an introductory note on 
second quantization technique wore included in the very first (diapter on “Mathematical Intro- 
duction*’. The reviewer would have been happier if ho cotild find a more elaborate treatment 
on the calculatit)n of band stnu^ture in solids with specific expamplos and a separate chapter 


on the theories of various relaxation processes in solids. 

The author has stated in the “Preface” that the present contribution is intended for 
use in a one year graduate course and the object of this text book is to present the central prin- 
ciples of quantum theory of solids to theoretical physicists generally and to those experimental 
solid state physicists who have had a one year course in quantum mechanics. In view of the 
very sophisticated nature of theoretical treatment of the most modem topics using advanced 
quantum mechanical techniques it is doubtful whether this now contribution may bo regarded 
as a text book for graduate course at tho present state of academic curriculum, usually followed 
by the universities. Moreover, the experimentalists, even after going through one year quan- 
tum mechanics course, are likely to find tho presentation difficult. In the opinion of tho 
reviewer this new contribution will be imdoubtedly welcomed by tho theoretical phyedcists 
working on solid state physics and quantum field theory. They will find to their statisfaotion 
that most of tho basic materials of their interest are wollknit in a compact form and thus save 
much labour in searching huge volumes of scattered literature, 

U. S. G. 


ADVANCED QUANTUM THEORY— by P. Roman. Publidied by Addison-Wealey publirii- 
ing Co. Ino, 1065, pp. 735, price $ 17.50, 

There is a growing feeling that the course of quantum mechanics should be divided into 
two parts, elementary and advanced. In fact, many universities now-a-days offer two courses 
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on quantum mechanics. But the topics covered in the oourses vary ftcem school to school. 
Hero is a highly valuable contribution by Professor P, Boman which can serve as a proper text 
book and resolve the difficulty often encountered by the academic experts regarding the con* 
tents of a unified course of quantum mechanics, split into two parts. 

The present contribution is entirely devoted to the advanced course, though the author 
with a high degree of skill in presentation starts from the basic postulates of quantum mecha- 
nics, The whole advanced course is so clearly and lucidly exposed that it needs very little 
preliminary knowledge of the elementary quantum mechanics. The contents are broewily 
divided into three parts. Part I deals with the framework of quantum theory including topics 
like second quantization, density matrix, time-development of quantized states, relativistic 
quantum mechanics etc. Part II mainly deals with collision theory and scattering, and con* 
tains topic?s like method of partial waves, dispersion relation, time-dependent approach to 
scattering theory, S-matrix, T-matrix, application of the collision theory to many-body prob- 
lems etc. The reviewer is particularly happy to iBnd the contents of Part HI which is entirely 
devoted to symmetry properties of quantized systems and application of group theory to quan- 
tum mechanics. Concepts of symmetry and group theory are not only helpful in simplifying 
the procedures of qucmtum mechanical calculation but also highly valuable for a clear under- 
standing of its principle. The author has rightly included it in the advanced course on quan- 
tum mechcmics. Part 1 and II thus provide the knowledge of fundamental principles neces- 
sary for tackling the various problems of atomic, molecular, solid state physics and nuclear 
physics, field theory, particle physics, respectively, while part IH is meant for strengthening 
the conceptual basis and general background of quantum mechanics. Each chapter ends 
with a brief summary and a number of systematically arranged illuminating problems, left 
to the students as exercise, where they will find the appli(;ation of the basic principles developed 
in the text. The academic value of the book has been further enhanced by the inclusion of 
four important appendices on linear algebra and Hilbert space, group theory, Dirac equation 
and Green’s function technique. 

In the preface of the book the author haa been outspoken in pointing out the misinterpre- 
tation of the oft-repeated argument that things are learned through their applieation. He 
writes “Physics, unlike agriculture, plumbing or even engineering at its very best is not merely 
a professional activity. In bygone days physics was often referred to as natural philosophy. 
Physics has been the product of ever searching, restlessly enquiring, wondering human mind, 
the outcome of a longing for imderstanding and appreciating the world we live in. It is this 
aspecit of Physics which in this book, I tried to stress most.” Indeed, the author has been very 
cautious in confining the students most to the conceptual area and logic of quantum mechanics. 
He is against any premature rush into applications bt^fore completing a systematic survey of 
the field and an adequate assimilation of the fimdamental ideas and methodology. Often 
such prematiu*o rush loatls to confusion and wrong conclusion. The reviewer is probably 
one of the few persons who entirely agree with the nutlior. However, appli<iation and concep- 
tual b^isis (‘an always bo made complementary, and the author would not have gone against 
his own principle if a few appli<*{ition3 w(3ro irn hirkvl in the text with an eye to enhamung the 
coiioeptual basis and clarifying abstract logic. 

8, O. 

THE THEOBY and PBACTICE OF SCIENTILLATION COUNTING— by J. B. Birks, 
Published by Pergamon Press. 

This book is a good replacement of an early book ^'Sointillation Counters” published in 
1953 written by the some author. As the title indicates the book treats the theory of the 
scintillation mechanism and application of the scintillation counter. It is a good collaotion 
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of dovolopmooit in the thooretioal and practical aspects of scintillation counting. Thero 
is no other book in this line which is not already outdated and as such is useful for those who 
are developing new scintillators and for those who are using the scintillation counting arrange- 
ment. A major portion in the book is devoted to the scjintillation process in organic, inorganic 
and other phosphors and acts as a guide and starting point for further research in developing 
new phosphors. Though the different componentB comprising the scintillation couiiter is 
discussed^ its uses are so numerous that full description of all its applications is not possible 
even in this large volume and the author hat very ably outlined the different applications 
with a good bibliography for any one interest^ in a particular application to find tho early 
work quite easily. It is a good book in any library open to users in this held. 

A. P. P. 


ELEMENTABY PARTICLES & COSMIC RAYS By Allodi Ramakrishnon PublishcMl by 
Pergamon Presst London. 

This is a comprehensive text-book on the theory of elementaty particles, their interac- 
tions being described through quantum electrodynamics and through cosmic ray phenomena. 
Throughout, a physical approach has b€>en made to the problems involving and characterized 
by complex, formal mathematical methods. 

The book is divided into two parts. Part I covers the major portion of the book and is 
devoted to the theory of elementary particles and gives an integrated account of the quantum 
mechanical collision processes, meson physics and strange particles. The first two chapters 
give a detailed description of strange particle interactions. A systematic account is given 
of free particle wave functions of various elementary particles with the corresponding atM- 
butes embedded suitably in the wave function subject to the constraints of relativity. Particle 
intoraotion is then described through perturbation theory for a non-relstivistic syst^. 
kernel function formaUsm of Feynman and its relation to field theory have been described 

by introducing the concept of negative energy. 

The author has used probabilistic approach extensively to the theory of scattering and 
perturbation expansions as weU as in the theory of cascades in Part U. The p^^- 

ses in cascade theory is very weU covered, thanks to the author s “ 

barely get a page ana «e se xTo^ver the “Interaction of Cosmic Bays with 

Heisenberg. Fermi. Bhabha and of some 

The book, on the whole, is an “ “3^ Jafl research workers 

of the major fields in modern ph^ics. . ..pedagogic necessity" in countries 

Boienoes. « ^ 


OOLtEOTSD PAPERS OP KAPITSA VOK. b, P, w H»., PS» 

Pergamon Press. ^ 

• 1I.„» of naoers reviews, lectures, biographical memoirs. 

This vokune comprises a miscellany P P . . ms py sided activities of 

...d 1 ^'* ■““ 

professor Kapitaa’s mind. 
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The first publislied paper of Kapitza on ood liver oil is as far apart from his later works 
on ultra-magnetic fields or liquid helium machine or future of science, as is heaven from earth, 
but nevertheless gives interesting details of the primitive method of oatching ood and extract- 
ing its liver oil in Russia. 

Since Kapifcza’a review on the now obsolete book on Magnetism and Atomic structure 
by Stoner was published, the science of Magnetism has taken over entirely the new garb of 
Quantum Mechanics and assumed all the importance in revealing secrets of atomic and mole- 
cular structure, as well as in giving man control over electronic and even nuclear motions as 
predicted by Kapitza. Momentary high fields exceeding by one order, from those produced 
by Kapitza, have been generated loading to interesting revelations of atomic and nuclear 
binding energies. On the one hand, research on supraconduotors has mado feasible a supra- 
conducting magnet giving a steady field of about 160 kilooerstods, on the other hand electronic 
devices havo overcome the problem of breaking a power of the order of 10® kw through a 
small coil to give pulse fields of 10® oersteds for a few milliseconds. 

In reading through the article on the Institute of Physical Problems, which the present 
jpeviewer had the good fortime of visiting personally in 1966, it is felt that the remarks 
on the sophistication in equipments and the difficulties in procurement of such, apply with 
equal force today in most of the Indian research laboratories. 

Four of tho articles ore aptly devoted to the raomories of Rutherford, foromost of the 
pathfinders of the modern nuclear age, one of whose most renowned “boys” was Kapitza. 

Without going into a detail of the other articles it suffices to say, wherever one opens 
the volume some originally interesting aspect catches tho eye and fixes it until tho article is 
finished and then one craves for more. One is, however, apt to be criti(‘.al of Kapitza’s attitude 
towards the Gorman scientists in tho article “Wo fight for freedom.” In spite of what 
U.S.S.R. and other countries suffered in their fight with Kaiser’s or Hitler’s ideological 
Gennany, it would be puerile to shut ones eyes to the achievements of Gorman scientists, 
philosophers, literatures, poets, artists and composers. 


A. B. 



INDIAN JOURNAL OF PHYSICS. VOL. 41, 1967 

Statement about ownership and other particulars about 
Indian Journal of Physics Vol. 41, 1967 


FORM IV 


(See Rule 8) 


1 . Plaoo of publication 

2. Periodicity of its publication 

3. Printer’s Name 
Nationality 
Address 

4. Publisher’s Name 
Nationality 
Address 

5. Editor’s Name 
Nationality 
Address 

6. Names and addresses of individuals 
who own the newspaper and part- 
ners or shareholders holding more 
than one per cent of the total 

capital. 


2 and 3, Raja Subodh Mallick Road, 
€alcutta.32. 

Montldy 

Bri Kalipada Miikherjeo 
Indian 

204/1, B. T. Road, CalcuUa-35. 

Bri Samaroiidranath Son 
Indian 

Bogiatrar, I.A.C.S. Cal-32 

;(A List of Board of Editors is given below) 


I, Samarendranath Son, hereby declare 
are true to the best of my knowledge and belief. 

1. Prof. K. Bailor joe, 8. 

Indian, Noapara 

P.0, Barasat, 

24-Parganas. 

2. Dr. G. N, Btiattacharyya, Indian, 

Department of Applied Physics 9. 

University CoUtsge of Technology 

92, Acharya PrafuUa Ch. Road, 10. 

Cal(rutta-9. 

3. prof, D. M. Bose, Indian, 

Director, Bose Institute 

93/1, Acharya PrafuUa Cli. Road, 
Calcutta-9. 

4. Prof. S. N. Bose, Indian, 11- 

National Professor, 

22, Iswar Mill Lane, Calcutta-6. 

5. Prof. S. D. Chatterjee, Indian, 12. 

Head of the Dept, of Physics 
Jadavpur University 

Jada\’pur, Caloutta-32, 

6. Prof. P. S. GiU 

Indian, . 

Director, Central Scientific 
Instruments Organisation, 

Chandigarh, Punjab. 

7. Prof. B. N. Srivastava, Indian, 

Acting Director, 

I.A.C.S. 

Jadavpur, Caloutta-32. 


that the particsulars given above, 

Prof. R. R. Khftstgir, 

Indian, Hoad of the Dept, of 
Physics, Bose Institute, 

93/1, Acharya PrafuUa Ch. Road 

Calcutta-9, 

Prof. D. R. Kothari, Indian, 

Department of Physics, 

University of Delhi, Delhi. 

Prof. B. D. Nag Choudhuri 
Indian, Director, Saha Institute 

of Nuclear Physics 
92, Acharya PrafuUa Ch. Road, 
Calcutta-9. 

Prof. K. R. Rao, Indian, 

Hoad of the Dept, of Physics, 

Andhra University, Waltair. 

Dr. D. B. Sinha, Indian, 

Reader, Dept, of Applied Physics 
University College of Tocthnology 
92, Acliarya PrafuUa Ch. Road, 

Calcutta-9. 

Prof. S. C. Sirkar, Indian 
Emeritus Professor, 

I.A.C.S. Calrutta-32. 

Dr. R. Ramamma 

Indian 

Director, Physics Group, 

Bhabha Atomic Research, Centre, 

Apollo Pier Road, Bombay. 

Prof. A. Bose, (Secretary), Indian, 
Department of Magnetism, 

I.A.C.S., Calcutta-32. 

(Sd) Samarendra Nath Sen. 


Date 12.2.68 




INDIAN JOURNAL OF PHYSICS 

VoL. 41 No. 12 

AND 

VoL. 60 PROCEEDINGS No. 12 

OF TBE 

INDIAN ASSOCIATION FOR THE CULTIVATION OF SCIENCE 

{Edited in coUaboralion with the Indian Physical Society). 


DECEMBER 1967 


PUBLISHED BY THE 

INDIAN ASSOCIATION FOR THE CULTIVATION OF SCIENCE 

JADAVPUR. CALCUTTA-32 




m 

ON THE DETERMINATION OF UNIT CELL DIMENSIONS 
FROM POWDER DIFFRACTION DATA OF COMPLEX 
SILVER LUTIDINE NITRATE 

T. RATHO AND Mrs. II. KRISHNASWAMY 
BBGiOKAii Enqineebing College Roubeella-B. 
l^xiuL. 

(Eeoeived May 25, 1967 ; R^bmUted Deomber 26, 1967). 

ABSTRACnr* Debye Scherrer pattern oflSilvor Lutidine Nitrate has been photographed 
using a Rigaku camera at room temperature. .The analysis showed that the crystal belongs 
to the orthorhombic system with 13.7 A ; 6=* 16.8 A and C~ 7.12 A ; The \mit coll contained 
four molecules. The spa(50 group P222 or Pmm2 can bo assigned to the crystal. 

INTRODUCTION 

Silver Lutidine Nitrate, Ag(C 7 H 9 N)jNOs is a white microcrystatlline Bubs- 
tance whose dia-magnetic properties are of special interest. The crystallographic 
data was obtained from powder diffraction data. 


EXPERIMENTAL 

A Machlett A-2 X<-ay diffraction tube with copper target running at 30 K.V. 
and 20m.A. supplied the A-rays. The radiation was made monochromatic by 
using a Ni filter. The specimen, finely powdered, was contained m a W^ann 
glass capillary tube of 0.6 mm dimeter and of 0.01mm wall thickness. The De ye 
Scherrer pattern was obtained in four hours over a photographic film m a iga u 
oamera of 9 cm diameter. 

The interptanM dtetancee were oaleutated Mcmutely riter mea^ente on 
the diffraotion pattern «>d attempta ware made to index the jK>^er ^ 

any of those eyatema, lipeon’a method (Ijpeon. 1M«) waa ne , 

The valne, of Sin-9 for the ring, in the powder pattern an, ^ven in the t^^ 

With thoae valnea the differenee were 

method. The frequently occumng values 0.00315, u.wa 

taken as the constants A, B and C respectively. 


( 


A 


A® 

4a> 




A* 


^ 4c* / 
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Using the equation Sin®^ = Ah^+Bk^-fCl® and the above values oi A, B 
and Cy all the rings were indexed quite satisfactorily. 

The axial lengths calculated from the values oi A ^ By G are a = IS.tA, h = 

16.81 c = 7.I2I. 

The values of Sin®0, calculated with these axial lengths, the intensities of the 
lines on the Debye Scherrer pattern and the corresponding d spacing values are 
given in the table. 

As there have been no systematic absences the space group P222 or Pmm2 
can be assigned to the crystal. It contains four molecules per unit cell. The 
observed density 1.5645gms./c.c. is in good agreement with the calculated density 
of 1.5535gms/c.c. 


Table I 


No. of 
linos 

Intfinaity 

dA observed 

Values of Sin *6 

Indices 

Observed 

Calculated 

1. 

w 

14.188 

0.00295 

0.00315 

100 

2. 

8 

7.384 

0.01090 

0.01139 

120 

3. 

8 

7.018 

0.01207 

0 01175 

001 





0.01260 

200 

4. 

8 

6.510 

0.01402 

0 01381 

on 

5. 

V8 

6.010 

0.01645 

0 01696 

111 

6 . 

WW 

5.409 

0.0203J 

0.01999 

021 





0.02084 

220 

7. 

W 

4.273 

0.03255 

0.03269 

221 





0.03296 

040 

8 . 

m 

4.088 

0.03556 

0.03611 

140 

9. 

W 

4.004 

0.03709 

0.03659 

320 

10. 

ms 

3.806 

0.03998 

0.04010 

301 

11. 

B 

3.702 

0.04334 

0.04289 

231 

12. 

vs 

3.537 

0.04749 

0.04700 

002 





0.04786 

141 





0.04689 

330 

13. 

w 

3.387 

0.05174 

0.05150 

050 





0.05221 

112 

14. 

vw 

3.222 

0.05726 

0.06731 

241 

15. 

vw 

3.083 

0.06253 

0.06215 

401 

16. 

vw 

2.969 

0.06742 

0.06784 

222 

17. 

vw 

2.896 

0.07086 

0.07039 

421 

18. 

w 

2.744 

0.07817 

0.07875 

500 





0.07741 

312 





0.07814 

232 


Unit Cell Dimension of Silver Lutidine Nitrate 

Table l—{contd). 
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No. of 
lines 


19. 

20 . 
21 . 
22 . 


23. 

24. 
26. 


20 , 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

36. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 


Intensity 


a 

8 

S 

ms 


ms 

w 

ms 


w 


vw 


w 

vw 

vw 

w 

vw 

vw 

vvw 

vw 

w 

vw 

vw 

vw 

vvw 

vw 

vw 

vw 


ww 

ww 


<lA observed 


Values of 


Obaf>i‘voil Calculated 


Indices 


0.08081 


510 


2.706 

0.08124 

2.646 

0.08570 

2.581 

0.08922 

2.461 

; 0 09813 


2.347 

0.1079 

2.254 

0.1170 

2.182 

0.1248 


2.091 

0.1359 

2.042 

0.1425 

2.001 

0.1484 

1.913 

0.1625 

1.867 

0.1704 

1.823 

0.1786 

1.790 

0.18.54 

1.760 

0 1939 

1.724 

0.2000 

1.7098 

0.2033 

1.668 

0.2161 

1.618 

0.2269 

1.584 

0.2363 

1.664 

0.2431 

1.640 

0.2516 

1.607 

0.2618 

1.469 

0.2765 

1 .444 

0.2849 

1.429 

0.2900 

1.396 

0.3047 

1.355 

0.3238 

1.332 

0.3349 

1.307 

0.3480 

1.288 

0.3683 


0.08069 

431 

0.08591 

061 

0.08906 

161 

0.09850 

052 

0.09851 

261 

0.09874 

621 

0.10781 

013 

0.1083 

342 

0.11714 

123 

0.12466 

400 

0.12416 

601 

0.12429 

033 

0.12431 

162 

0.1363 

461 

0.1362 

313 

0.1420 

661 

0.1423 

323 

0.1489 

452 

0.1626 

612 

0.1699 

253 

0.1789 

632 

0.186(5 

363 

0.1934 

642 

0.2006 

204 

0.1999 

562 

0.2030 

533 

0.2164 

304 

0.2274 

623 

0.2360 

553 

0.2427 

154 

0.2621 

254 

0.2521 

643 

0.2622 

064 

0.2760 

624 

0.2863 

534 

0.2905 

364 

0.3061 

126 

0.3242 

315 

0.3344 

644 

0.3484 

165 

0.8679 

255 
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ELASTIC SCATTERING OF ELECTRONS BY 
ATOMIC HYDROGEN 


R. JHA AND N. C. SIL 
Depabtment of Theoretical Physics, 

Indian Association for titb Cultivation of Science » 

Jadavpur, CSiI'OUTta-32. India 
{Received iune 14, 1967) 

ABSTRACT. Variational mothod of flEulth6n (1944) has been used to calculate the S- 
wavo phase-shifts in elastic scattering of oleoirons by atomic hydrogen in the energy range of 
0 to 13.6 ev, by solving the integro-differontial equation of Temkin and Lamkin (1901) in the 
adiabatic exchange approximation. Caloulationa have also been performed for the polarisa- 
tion potential of Ob6dkov (1963). 

INTRODUCTION 


We know that in the low energy collision of electron with hydrogen atom, 
both the exchange and polarisation effects have appreciable influence on the scat- 
tering process. The exchange effect arising out of the indistinguishability of the 
incident and bound electrons decreases with increase in energy. The polarisation 
effect which is due to the distortion of the atomic charge cloud under the influence 
of the incoming electron also faUs with increase in energy but less rapidly compared 


to the exchange effect. 

Variational calculations of the /8-wave phase-shifts in elastic e-H scattering 
have been carried out by Massey and Moiseiwitsch (1951), and Staver (1961) 
and in the low energy limit by Seaton (1967), and by Borowitz and Greenberg 
(1967). All these calculations show that phase-shifts obtained in the exchange 
approximation differ markedly at low energies from those obtained in the centra 
field approximation, which takes no account of the exchange effect, t ® 

mentioned that Massey and Moiseiwitsch (1961) took account of 
effect partially, by using the correlation term in the variational tnal wave un 
B.d«Ll it d. (1968) h.Te also samod oat variational cal^lataon of t he F°l >^ 
..1,1.. tato aooonnt »oh.ngo polarisation. Tho 
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Temkin and Lamkin (1969, 1961) have introduced the polarised orbital method, 
similar in principle to perturbed stationary states method. In this method, 
Temkin and Lamkin (1961) have considered only the dipole polarisation potential, 
by making allowance for the dipole term in the first order perturbed hydrogen 
atom wave fimction derived by Dalgarno and Lewis (1955). 

Here in the present work we have solved the integro-differential equation of 
Temkin and Lamkin (1961) by the variational method of Hulth^n (1944) and have 
computed the S-wave phase>shifts in the low energy region. For comparison, 
we have further calculated the S-wave phase-shifts in the exchange approximation 
using another adiabatic dipole polarisation potential deduced by Ob’edkov (1963) 
the resulting integro-differential equation has been solved by the same variational 
method. For convenience, our calculations for the case of polarisation potentials 
of Temkin and Lamkin (1961) and those of Ob’edkov (1963) will be referred to as 
I and II respectively. 


THEORY 

The Schrodinger wave equation for the system of electron and hydrogen 
atom is 


{H-E)t(ri,r^)==0 ... (1) 

tZ fit fit 

= — _ V,*— jr— , being the Hamiltonian of the 

2wi 2m /jg 

fjtht 

system and E, the total energy of the system is -- + E„, rj and r„ are the 

2m 

distances of the electrons from the nucleus and other symbols have their usual 
meanings. 

To take into account the exchange effect we approximate i/r as follow: 

~ [F(ri)fo(ri)±F(ri)fo(ri)] ••• ( 2 ) 

where is the wave function of the ground state of hydrogen atom, F{r) is the 
wave function of the scattered electron, and +v, and — v* signs refer to the singlet 
and triplet oases respectively, the scattered electron wave function F{r) have the 
asymptotic form 

F(r)_>€<*-'-f ^ fid) 

T 

r-»QO 

J(r) can be expanded as F(r) = £ Fj®(Q)» /i(»’) satisfying the boundary 

*-o T 
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817 


fi{r)-^ sin (kr- +Tji) 
r-¥ 00 ' ^ ' 

/*(»•)-» 0 where being the phase-shift. 
r->0 

Following Massey and Moiseiwitsch (1961) wc arrive at the following integro- 
differential equation (using atomic units) 



1 ( 1 + 1 ) 


+2 (l+J +k^]fe{r,) 




In the above derivation, no allowance has been made for the polarisation effect. 
We should take into consideration the fact that the bound electron wave function 
will bC/ perturbed by the scattered electron. The polarised atom acts as a dipole 
yielding an additional attraction for the scatterc^d electron which can be repre- 
sented by a polarisation potential Vp(r). It appears as a potential term in the 
scattering equation, in addition to the already existing static potential part. 
Thus, in exchange-adiabatic approximation, we got 


[ 


dra* 


_ +fc *+2 ( 1 + - 

21+1 / r, L rg 0 Ti 


— 2Fp(rj) j 


Ob’edkov (1963) has arrived at the following expression for Vp(r) 

It hu the Mymptotio form ^ where « » the pohrlmhilHy of the mx.m 
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The method of polarised orbitals of Temkin and Lamhin (1961) employs 
a trial wave function having the form 

^±(f„ fj) = J’(ri)[^o(»’*)+ W*"!. ♦■*)] ± »'i)] 

where r,) = -e(ri, f,) ^ ^^+rj j cos 0i, 

and e(fi, rj) = 1 for > r, 

= 0 for fi < r. 

According to Temkin and Lamkin 

//r?*(ni)v5^o*(»-a) [ Vi*+ Va®+ ~+ ~ -^+**-1 h±ir^, r^)dr^Cl^ = 0 
L rj r, ri 2 J 

which they have regarded as consistent with the first order determination of the 
perturbed function. They have arrived at the following radial equation for 
jS'Wave scattering in polarised orbital approximation. 


f 1 \ 

Sfie-ri 1 CjH — J rae-»‘att(r2)df2— J c“»2«(r2)drg ) 

V Tj 0 0 ) 

± 

where C*! f { 1 - ( ) r* } e-rM{r^)dr, 


and (7, = J ^^tt{f 2 )dr 2 


The trial function tt(r) = einl!r+(a+6e“')(l— e"’’) cosfer and the polarisation 
potential V^r) is given by 
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where a,(r) = ^_| g-ar r«+9r8+Vr«+ V- r+^) 

(o f Temkin and Lamkin 1961). In the exohange-adiabatic approximation, 
t e ast term on the right-hand side is neglected. Moreover, certain new non- 
local terms on the right hand side have been omitted by Temkin and Lamkin 
(1961), their importance for p-wavc scattering has been pointed out by Sloan 
(1964). The coupled-integro differential equation (6) has been solved by the same 
variation method with the polarisation potential 

y^r) - 

Wo have solved the above equation (4) in the exchange-adiabatic approxi- 
mation, by Hulthfen s variational method and have computed the S-wave phase 
shifts, by the trial function 

fir) = with Fj,(r) as given by (6). 


Hero a is the phase-parameter and h is the adjustable variational parameter. 


RESULTvS AND DISCUSSIONS 

We have obtained the scattering lengths A ± from our iSf-wave phase shifts 
(singlet and triplet) using modified effective range formula (O’Malley et al, 1962) 

* cot iio{k*) = — ^ + ^ (1.23a**) 


+ 



wa*/* 7r*a® 

33^ 9^ 



with the phase shift values and %{.(m025). We have obtained the 

scattering lengths 

^■•■(gin^et) = 6.767, 6.136 
.4'— (triplet) = 1.966, 1.776 

in units of ao, for cases I and II respectively. These may be compared with 
Temkin and T> n,mkin values 4+ = 6.6 Og and A~ — 1.9a0. We have obtained the 
zero energy cross sections for the two cases (I and II) 67.377ra„* and 36.841wao* 
respectively. In the adjoining table, we have given a list of our calculated S-wave 
phase-shift values and scattering lengths for the two oases along with those of 
Temkin and Lamkin (1961) for comparison. 

2 
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Taslb 1 

S^w&ve phase shifts in radians 


K 

I 


II 



III 

Singlet 
( ) 

Triplet 

(-) 

Singlet 
( ) 

Triplet 

(-) 

Singlet 
( ) 

Triplet 

(-) 

.01 

3.077 

3.123 

3.074 

3.125 

3.086 

3.136 

.1 

2.522 

2.949 

2.495 

2.927 

3.701 

2.962 

.2 

2.025 

2.737 

1.999 

2,738 

2.131 

2.814 

.5 

1.167 

2.146 

1.250 

2.189 

1.272 

2.245 

1 

.666 

1.480 

.742 

1.490 

.753 

1.702 


Table 2 



A (Singlet) 

A “(Triplet) 

I 

6.5 

1.9 

11 

6.767 

1.965 

III 

6.136 

1.776 


In the figure we have plotted our 5-wave elastic cross sections against energy 
for the two cases and have compared the results of 5- wave elastic cross section of 
Temkin and Lamkin (1961) and the experimental data of Brackman et al, (1968). 



The S-wave cross section (in na^^) plotted against energy (in ev) of the incident electron. 
Curve 1 — ^Present calculations with polarisation potential of Temkin and Lamkin (1961) 
Curve n — ^Present calculations with polarisation potential of Obedkov (1963). 

Curve in — S-wave dastic cross section (in adiabatic exchange approximation) by Temkin and 
Lamkin (1961) 

Oirola— Eiqperimental points of Brackman e^.al (1958). 
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W© find that th© agreement of Case II with experiment is better than with Case 
I. Again the results of our variational calculation in Case I is in close agreement 
with the corresponding results of numerical solution by Temkin and TAmldn 
(1961). Hence with a suitable choice of trial wave function it is possible to obtain 
results of comparable accuracy with those of numerical methods. The disagree- 
ment with experiment still left may be mainly due to the adiabatic assumption 
made in the polarisation potential and the neglect of higher order terms in it, 
especially the quadrupole one. 
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S. K. KUNDU 

Regional College of Eduoation, Bhubaneswar, Orissa, India. 

{Received June 30, 1967). 

ABSTRACT. The A •invarianoe of Bronzan and Low is discussed and its relevance to 
X'-decay processes is examined for the spin parity alternatives = 0~ or I*. It is shown 
that A 1 favours the present experimental obsrervetions. 

INTRODUCTION 

The abundanoe of p°y decays relative to ufiy decays for the Z®-me8on is ex- 
plained by assigning to it a positive value of .4 -parity (Bronzan et al, 1964). This 
assignment makes ijn+n~ an .4-forbidden mode since an A -allowed 1771+71“ channel 
would be irreconcilable with the narrowness of the X® resonance. If X® is assigned 
its usually accepted spin-parity = 0“, then A = 1 for the X® makes X®-> 2'y 
an A-allowed process. An estimate of the decay rate of X®-> 2y suggests 
that this should be an observable mode. On the other hand J'* = 1+ would 
forbid X®-> 2y absolutely. Estimates of X®-> 7r+-|-7r“-f y are made for both spin- 
parity assignments and = 1+ is found to give bettor agreement for the branch- 
ing ratios as well as accotmt for the failure to see X®-> 2y. Further remarks are 
also made about the 7r+7r"y mode and it is shown how the angular distribution 
for the = 1+ case could simulate the unique = 0“ distribution. 

ANALYSIS AND CONCLUSIONS 

The decay modes for the observed resonance at 960 MeV (X®-meson) suggests 
that 0 = 0—1 and hence 7 = 0. Further investigations (Goldberg et al, 1964; 
Kalbfleisoh et al, 1964) show that X®-> y+p® is a prominent decay mode while 
X®-+y+t<>® is not. Both the transitions are 0-allowed, but A = 1 for p®' and 
A = — 1 for <i>®. This later consideration immediately suggests the applicability 
of an A-selection rule. The three boson decay such as y-* 7r®+7r+-|-7r“ yields for 
its decay width the value 0.3 MeV corresponding to G® = 1 (Brown et al 
1964). If X® has values = 0” and A = 1 then X®-> i/+7r+-f-7r- is A-forbidden 
and using the same technique (Brown et al, 1964) one gets 

r(X®-> 7-l-7r+-f 7r) « {»/a)*(77»,/m*)(Q«/C,)o r(y-* 3rr) ... (1) 

where the term (n/a)* corresponds to the 0~ forbiddennes of y-* 3n and Q is a 
phase space factor. The average dmjm values for baryons is used to compute n. 
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For the case Jp = I'*', we compare the kinematic factors with decay as follows 


3ff) « 3ro(mo/m„)(Fo/mo)‘{37r/128) ... (2) 

37r) ss ••• (3) 


where F® is a set of standard factors, and E^ = »»*— 2to„— m„ 

the factors (3rr/128) and (w/16) are phase space integrals, and the factor 3 in 
r((o®-> 37r) comes from the symmetry of the final state. Inserting numerical 
values and taking r(^-> 3ff) 300 eV and r(w®-» 3w) ^ 9.6 MeV (Golfand el oZ., 
1963), one fiinds 

r(Z«-»i/+7r++7r-)«0.3MeV ... (4) 


and it is same for both the values 0~ and 1 The total decay width of the X®- 
meson, without JL -forbiddenness factor however, would be of the order of 20 MeV 
with allowance for the TjifiTfi mode, and hence contradicts observation*. Thus 
we conclude that J = 1 for X®-meson favours the proceeding analysis relating to 
the spin-parity assignments = 0" or 1+. This further suggests that X®-> 2y 
is .4-allowed in contrast to n-* 2y or rj-* 2y for which wc use a = 1/40 the A- 
forbiddenness factor (Bronzan et al, 1964). If = 0" for the X®-me8on, we 
can scale as (energy)* from the measurement r(rr-> 2y) ~ 6 eV, 

r(X«-> 2y) 2y) 

S 0.1 MeV - (6) 

Since the total width for the X®-meson is less than 4 MeV, X®-^ 2r should be 
an observable mode. The next possible assignment will be = 1+, for which 2y 
decay for X»-me8on is absolutely forbidden. In the foUowing we make numerical 
estimate for the X»-decay ratios for its two J^' values. The y7r+n- decay is assumed 
to pass through p» as an intermediate state (Kalbfleisch el al. 1964) with a decay 

width given by 

r(X®-> y+P®) « 2a/t*g(g/wo)*’'{ J 


where g is the y-energy, A the multipolc order, « 1 BeV - ^rage Wyon 
mass and measures the anomalous magnetic moments. We take ^ 1 for 

electrical transitions, hence 

r(X®-» y+p®) « 0.1 MeV 


• This result also prompted the independent remark that .f “ 
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For magnetic transitions we use and get 

r(X®->'y-|-^®) l.OMeV for ifl ... (8) 

;s0.04MeV for Jif2 ... (9) 

where the transitions are .d-allowed. 

The effectiveness of the proceeding calculations is checked by considering the 
process rf-* 7+/?®. The only difference should be that p® is virtual. We multiply 
(7), (8) and (9) by (27r)~^r(^-> y-\~p^)dEl(E—E^^ and integrate over all values 
of E, where E = (m, — 2m„—q) with E^, = nip—2ni„. Also r(^-» y+p®) = 
Tfi(EfEf))^/^ and r„ 100 MeV. This gives on using a = (1/40), the value 

r( 9 -+ y-f-p®) 60 eV (10) 


All the results are tabulated as follows : 


JP 

all docay 
modes) MeV 

MeV 

MoV 

r(xo-> 2 y) 

MeV 

0- 

1.60 

0.30 

1.00 

0.10 

1+ 

0.60 

0.30 

0.14 

0.00 


The decay ratios are in better agreement with observations for — 1+. 
However the detection of X®-» 2y would exlude ~ 1 +, this mode should be 
present to order 6-10% for = 0". It is interesting to note that in the decay 
process y-f fhe spin 1 of the intermediate p® state assures that the 

angular distribution is l+6cos®<?. The parameter 6 is strongly dependent on 


E1-M2 interference for — 1+, being b 


(!1. , where r is the amplitude 

(r-fl)* 


ratio {M2IE1). Following the suggestions in equation (7), (8) and (9) that r = 0.6, 
one has b — — (7/8), a good approximation to the value b = — 1 characteristic of 
= 0~. Angular correlation between the Z® production and decay planes would 
exclude — 0“ but the absence of such correlation might only reflect lack of 
X®-polarization. 
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ABSTSACT. In this paper we have considered the vibration produced in a thin non- 
homogeneous circular plate with a central hole by an application of a periodic force acting 
on the internal boundary. Young’s modulus imd density are supposed to vary linearly with 
the radius vector. 


We have determined the displacement produced due to the elastic vibrations 
produced in a thin circular non-homogenoous plate by an application of an internal 
pressure which varies with time. Here Young’s modulus E and density p are 
taken as E = Ej and p — pgr, where r is the radius vector and Eg and pg are cons- 
tants. The stress distribution is chosen symmetrical with respect to the axis 
through the centre of the plate and perpendicular to the plane (xy-plane) of it. 
By symmetry it follows that shearing stress a-fg vanishes. 

The equation of motion is 


doTfr (Trr —trtt _ ^dhi 

dr " ■ r ^ dl* 


The stress strain relation are 

E.err = 


} 


The strain components are 


^ ^ “ r 


... ( 1 ) 




( 2 ) 


(3) 


From equations (2) and (3) we have 



y ... ( 4 ) 
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Since we have E = E^ and p = p,r 
Prom equations (1) and (4) we have 

’■’If = g-d-v*) r» 


dt* 


Boundary conditions : 

«^fT == — P(l— cos !«<) r = ro, <>0 
Orr = 0 r = rj, «> 0 

The initial conditions are that, 

at « = 0, « = ^ = 0, »-o < r < fi 


887 

• ( 6 ) 

• ( 6 ) 


(7) 


Multiplying both sides of the equation (6) by e-P‘ and integrating with 
respect to t from 0 to oo, we obtain the ordinary differential equation 


j d*S , „_du 


+ 2rp+[-(l-v)-oV*p»]tt = 0 


( 8 ) 


where 


a* = ^(l— V®) and « = f tte~: 
En jJ 


r^dt. 


Solving equation (8) we have 

tt = f-*[^/t(apr)+B-K*(apr)] 


... ( 9 ) 


where 


_ V6-4v 

* — r~ 


Taking the value of the Poisson’s ratio v = 0.26Eq.uation (9) becomes 


where 


u = r“l[^/jpar)+-B-K^i{p&r)] 
a* oiBs. 

Pc’ 16 


(10) 


Taking Laplace transform of equation (7) we have 

" 1— v» L J p{p*+ti)*) 


r = ra 


Pq r 

1-v® I dr 


du I — 1 


+vtt — 0 


r = fv 


... ( 11 ) 
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Substituting equation (10) in Eq. (11) we have 
A [ /i(apro)- ^r^pltiapro) ] 

+B [ K,(wpr,)+ 1 arMapr,) ] = 1 - 

«r 

A 7i(apri)- 1 ar^ploiapri) j +B ^Ki(apri)-\- ^ aripKoiapr,) j =0 

If we write the equation (12) in the form 
ALo+BMo-Q - 0 


where 


and 


4 

Lo,i = IJ,apr„,i)—-gUn^pI^(apri) 
^o>i = Ki{apro,i)+jro,iapKo{apro,i) 



Po« 


Xolving for -4 and B we have 


-d = 


M,Q 


BqMi — MqLi 


and B = 


-L,Q 




Byf(13) and (14), equation (10 becomes 

u = r-i 0 [■a^ A(grp)-A-gi(«rp)] 


= r-t. IrJ. ^ 

6 ® p(p*+to*) G'Ci)) 

where 

P(j>) = [ ^i(ap»'i)4-|«Wii>i^o(«F’x)] A(«rp) 




... ( 12 ) 


(13) 


... (14) 


... (16) 
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and 

G{p) = ][^i{«i>»’i+-^a»’i25-Ko(apr,) j 


Applying Laplace’s Inversion Thcorwn wo have for the displacement 


6 

4 


Pm>* 


C+<«) 


U 


= f 


C-{<3D 


c^dv 


(16) 


To evaluate the integral on the right-hand side of the above equation, consider 
the integral taken round the closed contour consisting of a line at a distance c 
from the imaginary axis and the portion (lying to the left) of a circle whose centre 

is the origin and whose raidus is ii = — chosen so that the contour 

avoids all polos of the integrand. It can be shown that the limit of the integral 
around t.hia circular arc tends to zero as n tends to infinity so that Canohy’s 
theorem enables us to replace, the line integral in equation (16) by the sum of the 

residues of the function lying to the left of the line B{p) = c 



The contour used in the evaluation of the integral. 
(16) 


Tie pd™ of tW. Me •* *!» point, p - 0, p = ±.» et th^ of to 
touBoendentd e,u.tion 0(p)-0, wUch to™ •>““ ’ 

t,b.dmpleMdpn»lyta.agin«y. The, «im..«ntt.SMthefonn,- ito- 
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If w for any value of a, the sum of the residues of the function at p = ±:iw 
is easily seen to be. 


-J>(»u>)co8«>t ^ ^ at ® = 0 is 

w'Giiw) ^ «J*G(0) 

The sum of the residues of the integrand at the remaining poles is 

• 1 


(-1 «>*— a,* 


c***V(ta,) c *^^F(—iat) 

W) ^ i-f) 

\ doc' oL^ag \ docloLsa^c 


a=a# X aacf 
After little reduction we can show that 


\ da /«-«, \ da /«=-«. 


where 


= i (y*a,%^*-2y+l)- i (y*a,*rj*o*-2y+l) 
y = 1 and i 

6 Ji(a,r^)—{ya^ffl)Jo{<Xtr(fl) 


j^i) 


say 


and that 


(17) 


Substituting these results in equation (17) and (18) we obtain finally 

1 f-i f Iq I >-*+(2y-i)ri*_ \ _ ZWcoswt 

4 Pfo* L f I (2y-l)(ri«-ro) J 0(iw) 

P(ig,)(w«-a«8)-V(ro)j(fi) cos («^) 


+2w* S 


•-1 (y*aAo*«*-2y+l)i(ri)— y*a,*rj*o»— 2y+l)j(ro) 


(18) 


F{iat) = P(— ta,) = — J. n^Yi(a,ria)—yajrjaYo(a.^ia)]Ji(a,ra) 

—j{ri)Yi{a,ra)} 


] ... ( 19 ) 


Here summation is taken over all positive roots of the equation 0{iocg) = 0. From 
equation (19) stresses can be calculated. 

My sincere thanks are due to Dr. A. K. Das for suggesting the problem. 
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ABST^CT The S-wave phaae-shifts (ifc) in the elastic I-He collision problem have 

oen compile y « s variational method in the energy range of 6 ev to 64.4 ev. The 

total ymye function of the helium atom and electron system has been expanded in such n way 
as to mcludo virtual excitation to 2 and 2 «S states. Our results for S-wavo partial cross- 
^Uons have been compared with the theomtical findings of Marriott (1903), LaBahn and 
CaUaway (1964), Moiseiwitsoh (1953), and Zhikhareva (196.5) and with the experimental results 
of Qolden and Bandel (1965) and Kamsaner and Kollath (1929, 1932). 


INTRODUCTION 

The exchange and polarisation effects play important role in the scattering 
of electrons by atoms. These effects are especially important in the low-energy 
region. Marriott (1963) has employed a numerical method for the calculation of 
all significant partial cross-sections for clastic and inelastic collisions of electrons 
with helium atom. Explicit allowance has been made by him for electron ex- 
change and all coupling terms between PS, 2‘S and 2“S states have been retained. 
LaBahn and Callaway (1964) have taken a complete antisymmetrized wave func- 
tion to include exchange effect. Further, the formalism used by them was obtained 
from an extension of Hartree-Fook theory where the atomic distortion is approxi- 
mated by a polarization potential. They have computed cross-sections for elastic 
scattering of electrons from helium atoms and have also given a tabulated values 
of partial wave phase shifts in the energy range of 0 to 64.4 ev. Zhikhareva (1966) 
has calculated the cross-sections for iS-wave elastic scattering in e-He collision 
assoming coupling of the 1^, 2^8 and 2*8 states of the helium atom. He has 
found two resonances (9.62 ev and 16.9ev) in the S-w&ve cross-section of elastic 
scattering of electron by helium atom. 

In our previous work (1966) we have investigated the problem of e-He collision, 
taking into consideration the virtual excitation to 2^8 state only, but neglecting 
the exchange effect. In the present work, however, we have considered the ex- 
change effect and have also made allowance for the distortion induced in the atom 
by the scattering electron in the form of the virtual excitations to 2*8 and 2*8 
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states in addition to the original ground state (l^S). The virtual excitation to 2^8 
and 2’‘S states includes the coupling between the 1*S, 2^S and 2'’S states. Follow- 
ing Geltman (1966), we have formulated the problem such that the virtual exci- 
tation vanishes at the scattering centre and in the asymptotic region. 

We have carried out calculations for iS-wave phase-shifts by Hulth^n’s varia- 
tional method in the energy range of 6 ev to 64.4 ov. Numerical computations 
have been performed by taking very small intervals in the energy region of 19 ev 
to 30 ev so as to get any resonance level in that region. Experiments by Schulz 
(1963), Simpson and Fano (1963), Kuyatt et al (1966) have indicated resonance 
level at 19.3 ev in the said energy region. Investigations have also been carried 
out with a wide energy interval in the rest of the energy region of 30 ev to 
64.4 ev. The calculated values of S-wave elastic cross-sections have been com- 
pared with the theoretical results or Marriott (1963), LaBahn and Callaway 
(1964), Moiseiwitsch (1963) and Zhikhareva (1966). The experimental findings 
of Bamsauer and KoUath (1929, 1932) and Golden and Bandel (1966) have also 
been shown for comparison. 

THEORY 

The Schrodinger wave-equation for the electron and helium atom system is 

{H—E)ifr{ri, r^, r,) = 0 ... (1) 

"i* £ (A.>+V+V)-2.‘(f^i + ,i-) 


-f e® ( -f ^ \ ; A’, the total 

' ^12 ^28 ' 


energy of the system is given by E = -f-Aowhero ground state energy of 

2in 

the helium atom and k = wave-number of the scattered electron, other symbols 
have their usual meanings. The co-ordinate wave function of the helium atom 
and electron system, considering the 1®S— 2'S— 2*8 states of the atom, may be 
written in the form (cf. Drukarev, 1966) 


V2 


f,) = 

{rv r„) Fi(r,)-\^^i®(fi, r,) Fi(r,)] 


Ve 


^2(»•2)4•2^^^^^(r„ r,) Fj(ri)] 


ifthirv 't) r,) F,(f,) 


... ( 2 ) 
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For tji? singlet state we take the Hylleraas (1929) wave function r^) 

~ (^) where ^ • We have used 2^8 wave function as given 

by Marriott and Seaton (1967) and 2*5 state wave function by Morse et al. (1936). 
These wave functions are as follow : 

,/rtfr r\ .478 X 21/4/ -317726- -^er, ) 

^+e-2ar(e-1.136r,_.317y^ e-.464fi) J 
{»-l, »•*) = = — { I 

TT ^-e-2r,(e-1.67fi _.34rjC— 61ri) 1 

The functions F(r) describe the state of th^cattered electron. To take into consi- 
deration the virtual excitation of the atom to 2^8 and 2^8 states, we approximate 
the wave function of the total system of the electron and helium atom in the fol- 
lowing form : 

rj, ra) = i (»-i. r^) Fo(rj)-f i>s (r^, r^) Foir^) j 

+ ^ (»-i. ra) Fi(fa)-)^^i’a (*■„ r,) Fi(rg) j 

+ (>*1. >■ 2 ) F^{rz)-^t'‘s (»’i. rs) J?’2(»'2)+2\i^a*s (»’8' ^’a) ] 

"1“ ’" 1 )'^ (*"!» ^s) ■^8(*’a) j "■ 

, c, . . sin ir . .i ^^zr\ 

where /’^(r) = -|-o(l-e ) 

Fi(r) = (cif-t-c,r*)e-" 

F,(r) = (Car-)-C4r»)e-w 

Fair) = (Cjr-|-c«r*)e-" 

Here ‘a’ is the usual phase parameter tan whereas, c< (i = 1, .... 6) are adjust- 
able variational parameters. 

To calculate ly, by Hulth4n’s variational method, we define the variational 
integral in the usual way as I- = / ^*{H—E)^dridr^r^ and impose the 
condition. 
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2/(0, c<) = 0; (» = 1, ...,6) ... (4) 

^= 0 ; (» = !,. .., 6 ) «. ( 6 ) 

The oo-effioieuts of cj are evaluated for a particular energy. The six variables 

Ct(i = 1 6) appearing in the six linear equations (5) are evaluated in terms of 

a by the method of matrix inversion for a particular energy. Substituting these 
values in (4), we get a quadratic equation in ‘a’ which yields the phase shift for 
the particular energy. The S-wave partial cross-section is then calculated by 

the formula Qqo = ^ ?o- 

RESULTS AND DISCUSSIONS 

In the following table we have given our calculated S-wave partial cross- 
sections in the energy range of 20.606 ev to 27.365 ev. and have compared with 
the corresponding results of Marriott (1963). Our results compare favourably 
with those of Marriott (1963). 


Table 1 


Energy 

S-wave croas- 
seotion 

R. Mcuriott 

S-wave orosa- 
aeotion 
Present 
oalculation 

20.606 

2.62 

2.64 

21.010 

2.67 

2.68 

21.400 

2.49 

2.64 

21.790 

2.47 

2.61 

24.580 

2.19 

2.28 

27.366 

1.97 

2.06 


In fig. 1, the calculated values of scattering cross-sections have been plotted 
against energy and have been compared with theoretical results of Moiseiwitsch 
(1963), Zhikhareva (1966). The experimental findings of Bamsauer and Kollath 
(1929, 1932) have been shown for comparison. In fig. 2, we have plotted our 
calculated values of fiT-wave cross-sections against energy. A comparison hn* 
been made with the theoretical fif-wave cross-sections calculated from the tabulated 
5-wave phase-shift values given by LaBahn and Callaway (1964), and experimental 
data of Golden and Bandel (1966). Perhaps a better choice of trial wave funoiaons 
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containing a large number of adjustable linear as weU as non-linear variational 
parameters might have led to the occurrence of resonance level in the energy 
region we have investigated. 



Energy (in Atomic unit) 

Fig. 1. The S-wave cross-section (in va%) plotted against energy (in atomic units) of the 
incident electron. 

Curve I Curve obtained from Zhikhareva (1965) 

Curve II Curve for broken bonds obtained from Zhikliarova (1965) 

Curve III Curve from calculations of Moisei witsch (1953) 

Curve IV Present calculations. 

Circle Experimental values of Bamsauer ef al, (1929, 1932) 



Fig. 2. Th® S-wuvo oross-seotion (in W«»o) plotted against energy (in atomic units) of the 
incident electron. 

Curve rv Present calculations. 

Curve V Cross section obtained from the tabulated S-wave phase shift values given by 
LaBahn e< oZ, (1964). 

a — . f Bzperijxiental curve of Golden cZ (1965). 
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ABSTRACT. The asymmetry indices of the Co Kai and Kag lines have been deter- 
mined for cobalt metal and some of its divalent and trivalont corapoiinds and complexes. 
The X-ray lines were excited by the fluorescenoe tecliniqne and were registered using a 40 cm 
bent crystal spectrograph. It has been observed that the indices of asymmetry for both 
the linos are progressively reduced as one goes from cobalt metal to Co(n) and Co(III) com- 
pounds. It has been shown that the asymmetry index depends upon the munber of 3d elec- 
trons in any substance. The surroundings of the central atom, on the other hand, do not 
seems to play any significant role in the change of the asymmetry index. X-ray fluorescence 
spectroscopy can therefore be used to determine unknown valencies in complexes of transition 
metals. The change in the asymmetry of those lines has been attributed to exchaaige polari- 

sation effect. 


INTRODUCTION 


The effect of chemical combination on the width and the asymmetry of the 
lines has been studied in the midthirtics by many workers (Bearden and 
Shaw, 1935; Roseberry and Bearden, 1936; Orbert and Bearden, 1938). Recently 
Meisel and his coworkers (1961, 1962, 1962, 1966, 1966) have shown fresh 
interest in this problem and have studied in detail the shape of the a ines 
of some transition metals of the first series in a large number of compounds and 
complexes. We thought it worthwhile to study the asymmetry of these lines from 
two points of view, namely, (1) the effect of valency and (2) the effect of surroun^ 
ings of the central metal atom emitting the radiation. In this ^per we 
the results of our investigations carried out with this view on the mes o 
compounds and complexes of cobalt. 

experimental 

It i. wen kno™ ttat the ehemieJ eompeition of . .ub^e. el»W» 
eioitotien by direct deeton bombHdnient in X-my tube. We bw 

fore, employed in tbie work the teebniqoe of dooreeeenee tor ““ 
line.. genend experimental arrangement to Aom «bemetioany m Bg. 1. 


t Prwent address: Pept. of Physios. Nsgpur Umvendiy. Nagpur, 

m 



898 C. Mande, A. 8. Nigavekar and Mias P. Ckivate 

A Philips sealed X-ray tube with tungsten target was employed for the gene- 
ration of the primary JT-rays. It was operated at 26 KV and 16 ma. The spectra 
were registered on a 40 cm bent crystal spectrograph, designed and constructed 
in the Poona University Central Workshop. The (100) planes of a well tested 
mica crystal were used to record the spectra, which were photographed on Agfa 
ultra-violet plates. By giving exposures between 90 to 100 horns it was possible 
to obtain the spectral lines with photodensities satisfying the necessary condi- 
tion for linear relationship between 8, the photodensity and the intensity I. 
Microphotometer records of the plates were obtained with magnification 60 on a 
Moll microphotometer. 

The fluorescent targets for solid substances were made by pressing their fine 
powders into a rectangular cavity in a perspex sheet. The samples were then 
covered by cellophane tape for protection from moisture. 

The preparation of cells for obtaining fluorescence spectra of substances 
in the liquid state presents considerable difficulty. It is necessary to use a cell 
which will not be attacked by the solution and whose walls will not appreciably 
absorb the primary and the fluorescent radiations. The cells in this work were 
prepared by putting the solution between two thin films of celluloid separated 
by a U shaped perspex sheet. 

The fluorescent targets thus prepared were mounted on a metallic attachment 
which was screwed on the shield of the X-ray tube as shown in fig. 1. With this 



Fig. 1 

arrangement it is possible to keep the fluorescent targets very close to the X-ray 
tube which is necessary because the intensity of the fluorescent radiation is very 
wea](. 




Chemical Gombiimion and Asymmetry of Co-K, Lines 899 

RESULTS AND DISCUSSION 

It is well known that microphotoineter traces do not give, in general, the true 
intensities directly. It is, therefore, necessary to convert the microphotometer 
curves into true intensity curves, which was carried out by adopting the usual 
procedure of determining the photodensities (Blokhin, 1962). The apparent 
intensities of a large number of points, situated at a distance of 1 mm from each 
other on every microphotometer trace, \^rc first converted into true intensities 
and were subsequently plotted on graph papers. One of the typical curves ob- 
tained by this method for cobalt metal is shown in fig. 2. This curve (as well as 
all the others for the compounds and complexes) has not been corrected for the 



finite resolving power of the Z-ray spectrograph. However, it can be safely 
assumed that instrumental broadening would not appreciably affect the asym- 
metry indices in which we are primarly interested in this work, since this broaden- 
ing effect would occur on both sides of the line profiles. 

It may bo remarked here that the earlier workers have used either ionization 
chambers or G.M. counters for recording the X-ray linos. These detection tech- 
niques, although more sensitive and quicker, do not give the exact position 
of the maximum ordinate of a spectral line. In this respect, our procedure in 
which the position of the maximum ordinate is determined with greater certainty, is 
superior. 

The index of asymmetry of an X-ray line has been defined (Allison, 1933) 
as the ratio of the part of the full width at half maximum lying to the long wave- 
length side of the maximum ordinate to that on the short wavelength side. In 
table 1 are given the results on the asymmetry of the X«i and the Xoj lines of 
cobalt obtained in this investigation. The results of Parratt (1936) and Bearden 
and Shaw (1936) are also included in this table for comparison. Our values of 
the asymmetry index for both these lines for the metal agree fairly well with those 

given by these workers. 

It will be seen from table 1 that Xa^ and Xo, lines which are asymmetric in 
the case of oobalt metal, tend to become more or less symmetric in compounds and 
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omplexes. This change does not depend upon the co-ordination number of cobalt 
in the compounds and complexes. It can therefore be concluded that the surroun 
dings of the central atom do not play any significant role in the change of 
the asymmetry index. 

It can also be seen in table 1 that the asymmetry index decreases progressively 
as one goes from cobalt metal to Co (II) and Co (III) compounds. This decrease 
appears to be more or less regular, except in the case of the line of pink cobalt 

chloride. The low value of the as 3 anmetry index of this compound seems to be 
rather exceptional. 

The observed reduction in the asymmetry index seems to be linked with the 
number of electrons in the 3d shell. In cobalt metal the d band contains 8.28 
electrons per atom (Goodenough, 1963) while in Co (II) and Co (III) complexes 
there are 7 and 6 electrons respectively in the d shell. The average values of the 
asymmetry indices for the Koci line are 1.380, 1.052 and 0.934 for cobalt metal 
and the divalent and the trivalent complexes respectively. For the iTa.^ line 
the average values are 1 .297,1 .023 and 0.93. The observed ratios of the asymmetry 
indices for both the Koi^ and Ka 2 lines agree remarkably well with the proportiona- 
lity of the number of electrons in the 3d shell (8.28 : 7 : 6). This relationship has 
been established for the first time in this work. 


Table 1 

Experimental data on index of asymmetry 



Co- 

ordination 

number 

Index of Asymmetry 


K0i2 

1. Cobalt metal (Authors) 


1.380 

1.297 

,, „ (Parratt) 


1.440 

1.300 

„ ,, (Bearden & Shaw) 


1.360 

1.290 

2. Cobalt Chloride (blue) 

4 

1 .07 

1.06 

3. Cobalt Chloride (pink) 

6 

1.06 

0.76 

4. Diquinolinium Cobalt (II) Chloride 

4 

1.07 

1.02 

5. Diquinolinium Cobalt Chloride (pink) (Liquid) 

6 

0.95 

0.92 

6 . Cobalt (II) Oxinate (anhydrous) 

4 

1.02 

l.Ol 

7. Cobalt (II) Oxinate (hydrous) 

6 

1.06 

1.01 

8 . Cobaltic (III) Oxide C 02 O 3 

6 

0.96 

0.93 

9. Hexammino Cobalt (III) Chloride [Co(NH 3 )s] OI 3 

6 

0.92 

0.94 

10. Sodium Cobaltinitrite (III) !Nra 30 o(NOa)e 

6 

0.93 

— 

1 1 . Aqua Pentaammino Cobaltio (III) Oxalate 

6 

0.92 

— 

[Co(NH3)3H30]a(Ca04)s 
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The modification of the wavefimctions of the spin up and spin down Is 
electrons owing to exchange polarization effects with the unpaired 3d electrons 
has been of considerable interest in recent years (Freeman and Watson, 1965). 
The present asymmetry also seems to arise from such exchange polarisation effects. 
Assuming that the polarisation of the p orbitals involved in the emission of the 
Kati, Ug lines is negligible, one can attributte the observed asymmetry of these 
lines to the polarisation of 1« up and Is donm orbitals. A detailed study of the 
asymmetry index of a large number of edmplexes in various transition metals 
would therefore reveal the extent to which t|ie Is shell gets polarised. Theoretical 
work in this direction has been undertake^ by Dr. K. P. Sinha of the National 
Chemical Laboratory, Poona and would bt reported later. A-ray si)eotro8copy 
can thus be a valuable tool for the measurement, of the exchange polarisation, 
complementary to Mossbauor and EPR techniques. 

Another important aspect of this investigation is that this method can be 
used to determine unknown valencies in compounds and complexes. We can 
cite here the example of the pink solution of diquinolinium cobalt chloride. To 
our knowledge the valency of cobalt in this complex has not yet been determined. 
From the asymmetry index, it seems that the valency of the cobalt atom in this 
complex is three. 
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ABSTRACT. An investigation of the ranges of fission fragments from thermal fission 
of 2SSU has been made using “Lexan” polycarbonate detector. A method of sandwiching 
the Uranium between two layers of “Lexan” enabled a simultaneous measurement on the 
two fragments. The average ranges of the fragments of the light and heavy groups in Lexan 
wore found to be 20.22±0.027 microns and 16.38±0.021 microns respectively. It is foimd 
that from the correlated range measurements, the fragment masses con be estimated faiily 
accurately using an iteration procedure. 

INTRODUCTION 

The determination of fragment masses in fission by physical methods requires 
a simultaneous measurement of the kinetic energies or the velocities of the two 
fragments. In the past, attempts have been made to obtain the fragment mass 
distribution by measurement of the ranges of fragments using radiochemical 
methods (Aras et al, 1965) and employing known range-energy relationships. 
Ranges of fission fragments have also been measured using nuclear emulsions 
(Manley, 1962). In recent years, solid state track detectors are being used in- 
creasingly in the detection of fission fragments (Fleischer et al, 1966) especially 
for recording events of low probability such as in photofission. The present work 
was undertaken to assess the accuracy with which firagment mass distributions 
could be determined by measuring fragment ranges in the thermal fission of *“17, 
with a “Lexan” polycarbonate (Fleischer et al, 1964) detector. “Lexan” being 
a primary ionisation threshold detector, records alpha particles of energy only less 
than 0.6 MeV (Fleischer et al, 1967). The study of fission events in the presence 
of the background of alpha particles was thus possible. Moreover, the ranges of 
yfission fragments in this detector are larger than those in nuclear emulsions 
because the stopping power of the polycarbonate is smaller than that of nuclear 
emulsion. Simplicity of handling and ease of processing of these detectors are 
added advantages. In the present work the ranges of the two fragments are 
found simultaneously by using a sandwich technique and fragment masses are 
derived from the measured ranges by a method of iteration. 

* Bhabha Atondo Besaonsh Oaatre, Trombay, Bombay. 
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EXPERIMENT 

A sandwich of natural uranium was prepared by pressing a drop of 10% 
uranium nitrate between two layers of Lexan (density 1.26, composition HigCi«0,) 
joined together at one end. The layers which wore held pressed between two 
perspex plates with screws were exposed to a beam of neutrons in the thermal 
column of “CIRUS” for about a day ^here the flux of neutrons is about 3 x 10’ 
»/om®/8eo. After exposure, the sandwich was washed and etched in a 6N solution 
of NaOH at 70°C for about 30 minutes. The fragment tracks were measured by 
viewing the sandwich under a microso^o with a magnification of 1000 X . It 
was found that a drop of sandal wood between the layers kept the surfaces in 
close contact. A dye, ‘Nigrosine’ was, introduced into the tracks to enhance 
the contrast characteristics. This enabljjd better accuracy in the measurements. 
A track density of between 10 and 25 par field of view was maintained. The two 
surfaces of the sandwich were found to have a lateral displacement of between 
6 and 40 microns. The correlation could be obtained easily here from the simi- 
larity in direction because of the low track density. A total of 2000 events were 
scanned and the data analysis was performed on the computer CDC 3600. Mea- 
sured ranges were corrected for a slight change in the length by a factor connected 
with the dip angle of the track (Price). 

RESULTS AND ANALYSIS 

(a) Range measurements of fission fragmerUs 

The range distributions of light and heavy fragments were obtained from the 
measurements on correlated fragments making use of the fact that in general 
lighter fragment has a longer range. These distributions are shown in fig. (1). 


Fig. 1. 



Ranga-frequenoy plot of oorralatad fragment tracks in Lexan from 
of »»»U. 


thennal fission 


The average ranges of the Ught and the heavy groups were found to 

times totgtr thm. th« <»rtt.p«nding r.»ge. m »«d»r mnutem. (V^nmon, 


6 
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1950) and about 1.1 times larger than those in the celluloid backing of normal 
photographic films (Gerhardt et al, 1966). 

Fig. (2) shows the distribution in the range of one of the fragments for various 
fixed ranges of the complimentary fragment. It is not necessary here to associate 
the longer range with the lighter fragment and vice versa. The results are found 
to be aiTnilnr to those obtained by Brunton and Hanna (1960) for the kinetic energies 


Range in Miorone 



12 18 24 12 18 24 

Range in Microns 


Fig. 2. The distribution in range of one fragment for various fixed ranges of the oomplixnentary 
fragment. The number on the left hand top corner, of represents the range of the 
fixed fragment. The mean of the distribution obtained is represented on the 
right hand top comer. The error given is statistical. 

of fission fragments. This suggests the validity of a direct oorrespondmoe between 
range and energy. However, since most of the contribution to the spectra of 
fig. (2) comes from the most probable masses, any breakdown of the direct cor* 
respondenoe in other mass regions may not be apparent here. 
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Fig. (3) shows the obtained distribution in the total range of the two 
fragments. The experimental points have been fitted to a Gaussian distribution 
by the least square method. The average value of the total range and its 
variance are found to be 36.62 microns and 3.23 respectively. 

(b) Determination of mass distributions firom range measurements 

Lindhard et al (1963) have used the Thomas-Fermi model of the atom to cal- 
culate theoretically the range energy r^ationships for heavy ions. These cal- 
culations are based on the Bloch’s rd^tioii I = /q Z^, where I is the average 
ionisation potential, is the Bloch’s consent and the charge number of the 
medium. This relation is not strictly va^d for the detector used hero (Brandt, 
1956). The mass distribution was obtained here using the range-energy 
relation given by Barkas and Berger (1^4) and applying an iteration procedure 
as described below. 



31 37 43 

Rt in Microns 

Fig. 3. Tho distribution in total range of the two fragments. The curve <lrawn is a gaussian 
with a mean of 36.62 microns and stemdard deviation 1.80 microns. 


The range iZ of a fragment of mass M and charge Z, moving with a velocity 
fiC is given by 


= p (A+B.) 


( 1 ) 


where A is the range of a proton of velocity pC and the term takes into account 
the wmge extension caused by the capture of electrons by a positive ion of charge 
Ze. For the case of “Lexan” used, the value of A was obtained by a numerical 
integration of the stopping powers, of the constituent atoms as given by Whaling 



906 B. Bangarajan K. N. lyertgar and M. B. Hiranamdani 

(1958) and the value of Bz was evaluated according to Barkas and Berger (1964). 
These values of A and Bz are given by 

A = 84.1264 xy?^®^®gms/om^ ••• (2) 

= 7.717 X lO-^ X X fi gms/cm* ... (3) 

A constant charge density of 0.394, equal to that of the parent nucleus, was used 
in arriving at the value of Bz given by equation 3. Assuming a linear relation 
between energy and range of the fission fragment, approximate fragment masses 
were first calculated from the relationships 

and Jkfi+i/a = Af, ••• (®) 

where M is the mass of the fissioning nucleus. These masses and were 
fed back in equations 1 , 2 and 3 and the values of and were estimated. Better 
estimates of and M 2 were then obtained using the rigorous relationship 

= M2p^ ... ( 6 ) 

These now values of and M 2 were again fed into equations 1 . 2 and 3 and three 
such iterations were made using the computer. In all the cases the results of 
the last two iterations were found to be converging to within five mass units. 
The resultant mass ratio distribution is shown in fig, 4. For the sake of com- 
parison, the mass ratio distributions derived from measurements of fragment 


320 

N(Mi/Ma) 

160 


n 

1.0 1.4 1.8 2.2 

Mass Batio 

Fig. 4. Plot of mass ratio versus frequency. The histogram refers to the present experi- 
ment. The dotted curve is computed from the data of Walter ilal (1063) and the 
continuous curve is f^om Bnmton and Hazma (1950) 



energies by double ionisation chamber method (Brunton et oZ, 1960) and slid-state 
detectors (Walter et al, 1963) are also shown. It is seen that the present data com- 
pare favourably with the results of Brunton and Hanna ^1960) except for the region 
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of near symmetry. The agreement of the present results with that of Walter 
^ al (1963) is not, however, very good. This discrepancy could be due to not 
including in our calculations the effect of nuclear stopping also termed “Ionisa- 
tion defect’’ (Lamphere, 1960). It must be mentioned here that while Brunton 
and Hanna (1950) did not correct for the ionisation defect in their results, Walter 
et al (1963) have corrected for the same |)y an elaborate method of calibration 
(Schmitt et al, 1965) for the solid-state detectors. In any case, the present results 
show that the range measurements on coielated fragments can be used for ap- 
proximate fragment mass ratio determinations and therefore this mesthod can bo 
cases where low counting fates prohibit the use of conventional 
methods. The method could be improved? further by using a better range-energy 
relationship which takes into account atom-atom elastic collisions as well as 
experimentally observed fragment charge 'distributions in fission (Reisdorf et al, 
1967). 
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ABSTRACT. In some of the studies with vertical pulsed transmission, the blanketing 
type and the g-type of Et have been observed. The wind-type of Eg having a quickly varying 
top frequency has also been found. Using a horizontal dipole as the receiving aerial) the 
fading records of the JE^f-echoos have occasionally shown a double-trace on the moving film 
for both the first and the second orders of refiection. On rare occasions, an additional trace 
has also been observed in this region. A tentative explanation of the double or triple trace 
has been suggested. 

Using the selective aerial for the reception of one or the other of the two magneto-ionic 
components, the fading records of a single downcoming wave from the sporadic j&-region have 
been taken on the moving film. The statistical distribution of the amplitude has shown tliat 
usually at noon hours, both tlie Rayleigh and the Rice types of distribution occur, whereas 
during morning, evening and early night hours, when the refiection is from the .E?, -region, 
there have been other types of amplitude distribution. Of these, the most frequent typo 
has ifiiown usueJly two maxima in the amplitude distribution curve. The double-peak or the 
so-called M-type distribution suggests the existence of two simultaneous and independent 
super-imposed processes. It is likely that the double-peak is associated with the occurrence 
of a double-layer in the sporadic E-region. 

Typical V;. -distribution curves have also been ^own. The rms lino-of-sight velocity 
of the irregularities in tlie E«-region has been calculated. 


INTRODUCTION 

In the present paper, the results of some of the investigations with vertical 
pulsed transmission on the echoes from the sporadic ^/-region carried out at Cal- 
cutta on different frequencies has been presented. With regard to the different 
types of sporadic E, the blanketing type and the g-type of JZ?, have been observed 
at times. It has also been possible to observe the wind-type of JSf, having a rapidly 
varying top frequency. A major part of the work has been devoted to the record- 
ing of random fading patterns for the downcoming radio pulses reflected from the 
sporadic JS-region. Usually frequencies greater than the critical penetration 
frequency of the normal JS?-layer have been employed. Using a horizontal 
dipole as the receiving aerial, it has been occasionally found that the random 
fading record on the moving film has a double-trace in the sporadic iB-region, 

m 
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for both the first and the second orders of rofloction. On a few records, an addi- 
tional trace on the moving film has also been observed. 


Some statistical studios of the single downcoming wave returned vertically 
from the sporadic ii-region have also boon incorporated in the paper. To obtain 
a single downcoming wave, the selective aerial system for circular polarization, 
first designed and employed by Ratcliffo and White (1933) for the study of the 
polarization of the downcoraing wave, has been mostly used. For frequencies 
greater than the critical penetration frequancy of the normal E-l&yer, the ordinary 
fi.nd the extraordinary components are expected to be circularly polarized. In 
reality, however, there is a departure from-circular polarization and the suppression 
of one or the other component is not coi^lete. Since the extraordinary compo- 
nent usually suffers in the day-time a iauch larger absorption in the sporadic 
/^-region than the ordinary component, fSie use of the selective aerial system of 
Batcliffe and White with the receiver wouid give for all practical purposes, a single 
ordinary component. When, however, the two magneto-ionic components are 
of comparable magnitude, and they are unresolved, a rhythmic or periodic fading 
(Appleton d al, 1947) under conditions of gradually increasing or decreasing elec- 
tron-desnity in the ionosphere, has been at times observed, as expected. In 
the analysis of the fading records, the parts showing only random fading have been 
utilized. It may be noted that periodic fading can be avoided by observing 
visually the fading pattern on the ORO screen (Mitra, 1949). 


The statistical studies have shown the Rayleigh (1899) and the Rice (1944) 
type of amplitude distribution along with other types. Of the other types, the 
most frequently observed type has shown two maxima in the amplitude dis- 
tribution curve. This double-peak type was first observed by Das Gupta and 
Vij (1960) for the refiection from the F-layer and was called the M-type. Such 
double-peak amplitude distribution was also obtained by Kushnerevsky and 
Zayamaya (1962) in the case of JPj-reflection. The time-analysis of the random 
fading records of the single downcoming wave returned from the sporadic E-ropon 
has also been carried out, enabling the determination of the rms Ime-of-sight 
velocity of the irregularities in the sporadic il-region. 

Statistical analyses of random fading of a single downcoming radio wave had 
previously been carried out by various investigators, viz. Rice (1944, 1946), Ratchffe 
a948 1966), Mitra (1949). McNicol (1949). Alpert (1948), Subhadramma (1966 
Sschwentek (1962). Ych and ViUard (1962), Rao and Rao (1964), Sen and 

Khastgir (1966) and others. 


thbobbtical oonsidbbations 
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manner the radio waves incident on them. The resultant amplitude is considered 
as due to a large number of scattered components from a series of diffracting 
centres distributed at random, both in space and time, in the ionospheric region. 
Considering a large number of scattered components of random amplitude and 
phase, the probability of occurrence of the resultant amplitude at any instant 
would be obtained from the well-known expression given by Rayleigh (1899), 

The Rayleigh probability distribution at any instant is given by : 



where r is the resultant amplitude of the scattered components and ^ is a term 

which is half of the moan square value of the amplitudes. 

* 

If the rms value of the amplitudes of the scattered components be denoted 
by iJ, then f . 

The Rayleigh expression can then be expressed as ; 

- (2) 

If now the most probable amplitude (i.e,, the amplitude for which P(r) is 
maximum) be represented by r^, then it can be shown 

= 1(5^ = -g- ... (3) 


The Rayleigh distribution may then be written as : 



Writing (4) in the form 



it is evident that the plot of log against r* would be a straight line, the slope 
of which would give and the intercept log 
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If in addition to the scattered components from the irregnlarities in the ionos- 
pheric layer, there is a steady specularly reflected component, then it is evident 
that the observed probability distribution of amplitude at any instant at the re- 
ceiving point would no longer be given by the Rayleigh formula. It |Was shown 
by Rice (1944, 1945) that under such condition, the probability distribution of 
the wmplitude would be given by : 

= ... , 6 ) 

'i 

Here B is the amplitude of the steady compiment, /q is the Bessel function of zero 
order and imaginary argument and the otl^r symbols have the same meaning as 
in the Rayleigh expression. I 

When T By the most probable amplitude in the Rico distribution would 
be given by : 

... ( 7 ) 

Prom the curves showing the probability distribution of amplitude in an ex- 
perimental record, it is possible by comparison with the curves drawn from the 
theoretical formulae, to estimate the ratio of the amplitude of the steady reflected 
component to the rms value of the resultant amplitude of the scattered compo- 

nents. McNiool (1949) gave a series of curves for the various values of 6 = — • 

It was shown that when 6 <[ 1 , -P(^) would follow approximately a Rayleigh distri- 
bution and when 6 > 3, the distribution would be almost Gaussian. 

(b) Time analysis of the random fading records. 

If we divide the time of the fading records into a series of equal intervals of 
time, r, and if Vf represents the change in amplitude during each such time- 
interval, then assuming that each of the ionospheric irregularities scatters equal 
amount of power and has the line-of-sight velocities distributed about the rms 
velocity according to the Gaussian law, the probability distribution of the 
amplitude-ohanges over the time-interval, r, can be found. Following a proce- 
dure worked out by Piirth and Macdonald (1947), who analysed the radio noise 
which pass through a Gaussian band-pass filter, Ratcliffe showed that when r 
is small, the probability distribution P(Vr) would be given by ; 

P(«;,)A>,= — (8) 

whare x — and <r is the standard deviation of the Qanssian velocity distri- 

2mrrB 

• i 

e 
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bution. With the help of (8), Katoliffe showed that the rms line*of-sight velocity 
of the ionospheric irregularities would be : 

=s (vertical incidence) ... (9) 

SfT 

Computing the value of the ratio, UM, (which has been termed the “speed of 

XT 

fading”) from the fading records the rms line-of-sight velocity of the ionospheric 
irregularities can be determined with the help of (9). Following Booker, et al 
(1960), the value of Uq can also be obtained from the auto-correlation function, 
of the fading record. As wc have not incorporated the analysis of the 
fading observations by the auto- correlation method, the theory of the auto- 
correlation method has been left out. 

EXPERIMENTAL ARRANGEMENTS 

The pulse-transmitter used in this investigation delivers a peak power of 
8 KW and is fitted with a 833-valvo in cathode-pulsed configuration. This pulse- 
duration can be varied from 50 to 200 microseconds and the repetition frequency 
is 50 c/s. The working frequency has a range from 1.6 to 12 Mc/s covered in six 
bands. The receiver is a modified Hammerlund, in which the band-width has 
been increased to 30 kc/s with sensitivity slightly improved. A ground-pulse 
suppressor has been incorporated as had been suggested by Mitra and Roy (1961). 
The response of the receiver has been made linear over a large dynamic range. 
The horizontal dipoles fed by co-axial cables have been used both for transmission 
and reception. As has already been mentioned, for suppressing one or the other 
of the two magneto-ionic components of the downooming radio wave, the selective 
aerial system of Ratcliffe and White (1933) consisting of a pair of crossed loop 
has been used with the receiver. The experimental arrangement for the suppression 
of one or the other of the two magneto-ionic components (supposed to be circularly 
polarised) is shown in fig. 1. The output of the selective aerial system has been 
fed into the receiver by means of co-axial cables preceded by a transistorized 


Loop 1. Loop 2 



Fig. 1. Polarization arrangement with a pair of crosaSd loops. 
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impedanoe-matohing device as shown in the figure. This arrangement has also 
helped to improve the signal-to-noise ratio in the receiver. 

The video output from the receiver has been intensity-modulated by a suitable 
gate-generator locked in phase to the transmitter pulse. The gate-generator 
consists of three stages of mono-stable multi-vibrators arranged in cascade so that 
the variable time and the width of the gat^-pulse have been made available over 
a wide range. 

The recording oscilloscope was asseiiibled in the laboratory using B 16522 
cathode ray tube with bluish white phos|fcor. The records have been taken on 
a moving film Cossor Camera at a film spied of 0.2 inch per second. 

EXPERIMENTAL RESULTS kxD THEIR DISCUSSION 

The study of the sporadic jSf-region at different hours of the day and the night 
and at various frequencies has shown the blanketing type as well as the g-typo 
E,. The number of their occurrences has indicated clearly a preference for the 
summer and the rainy season. Though no regular routine measurements of the 
top frequencies or the cusp frequencies have been made, the wind-type of E„ 
whose top frequency has been found to vary rapidly with time during the evening 
hours, has also been observed. 

Working with an unpolarizcd receiver, i.e., using a horizontal dipole aerial 
with the receiver, a distinct double splitting of the sporadic ^-trace on the moving 
film has been occasionally observed, both for the first order and the second order 
echoes. A few records have also shown an additional trace. 

Fig. 2(a) illustrates a t 3 q>ical fading record showing a single unresolved trace 
of the E,-echo, both for the first order and the second order echoes, as depicted on 
the upper and the lower halves of the record respectively. In fig. 2(b) is given 
a fading record which has shown a double trace on the moving film for both the 
first and the second orders. Fig. 2(c) illustrates a fading record whicn has shown 
an additional trace in the sporadic JS?-rcgion for first and the second orders of re- 
flection. The single trace of E, in fig. 2(a) is due to the reflection of the un- 
resolved magneto-ionic components from the sporadic .B-region. When, however, 
the two magneto-ionic components are resolved and separated from each other, 
a double trace may be expected from the sporadic B-region. But such splitting 
may not always be possible, as the B..layer is very thin. The observed double 
trace shown in fig. 2(b) should therefore be attributed to the occasional existence 
of a double layer in that region. The partial reflection from the double layer 
would necessarily give rise to the double trace observed on the moving film. 
Of the three traces shown in fig 2(c), the undulatory trace at the top appears to 
indicate interference between the two unresolved magneto-ionic components 
under oonditious of gradually changing electron-density in that region or below, 
giving rise to a rhythmic or periodic fading. The other two broad traces m 
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fig. 2(c) point to the existence of two more layers in the region on very rare 
occasions. 



(0 


Fig. 2. (a) Fckding record showing the usual single trace on the moving 61m for the 6r8t 
order and the second order echoes from the sporadic E-region on frequency 2.7 
Mc/s. Date ; 4-7-66, time : 2016 1ST. 

(b) Fading record showing the double trace on the moving 61m for the 6rst order 
and the second order echoes from the sporadic E-region on frequency 3.2 Mo/s. 
Date: 22-11-66, time: 1961 1ST. 

(c) Fading record showing the triple trace on the moving 61m for the 6rst order and 
the second order echoes from the sporadic E-region on frequency 3.2 Mc/s. 
Date: 22-11-66, time: 1833 1ST. 

(The 6rst-order echoes are at the top and the second-order echoes are at the 
bottom of the moving Sim. Rhythmic or periodic fading of magneto-ionic origin 
can be seen in some parts.) 

In this connection, it should be mentioned that the ionogram and the electron- 
density profile for a night flight oyer Ft. Churchill, Manitoba, Canada, incorporated 
in the paper by Seddon (1922) showed two or more electron-concentratrons 
in the sporadic Jr-region of the ionosphere. The same paper also illustrated 
two concentrations in the electron-density profile at noon over New Mexico, 
U.S.A. and at night over Woomera, Australia. There is thus some experimental 
evidence in support of the existence of two or more electron-concentrations in this 
region which would cause a double (or triple) trace on the moving film. 

Statistical studies of the amplitude of the signle downoomiog wave, obtained 
using the sdeotive aerial-system connected to the receiver, have heea made 
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from a large number of fading records. The analysis has shown that the Ray- 
leigh and the Rice types occur usually during the noon and the afternoon hours. 
During the morning, evening and early night hours, when usuaUy reflection occurs 
from the sporadic .^-region other types of amplitude distribution have been ob- 
served. Of the other t:^eB the most freijjaent type is the double-pe^k type or the 
so-called Jf-type. The types which h^e been less frequently observed show 
(i) an irregular distribution, (ii) a half-ga||ssian distribution and (iii) a log-normal 
distribution. In fig. 3(a) are shown two t^ical Rayleigh types of amplitude distri- 
bution for (i) 5 = 0 and (ii) 6 = 0.707. ftg. 3(b) shows a typical Rice distribution 
for 6 = 1.4. When 6 > 3, the distribute i:)n becomes Gaussian as is shown in fig. 
3(c). The theoretical distribution is shoim by the continuous line, whereas, the 
experimental points are indicated by blacl ( dots. The three amplitude distribution 



Amplitude r 

Amplitude at Nm* 

Fig. 3. (a) Rayleigh-type amplitude distribution (normalised) for 6 = 0 and b =* .707 on 
2.9 Mc/s. Date: 28-11-65, time: 0216 1ST. 

(b) Rioe-type amplitude distribution (normalised) for 6 == 1.4 on 2.6 Mc/s. Date : 
9-8-63, time : 1830 1ST. 

(c) Gaussian-type amplitude distribution (normalised) for b 3.6 on 2.9 Mo/s. 
Date : 28-11-65, time : 0215 1ST. 


curves, each showing a double peak are illustrated in figs. 4(a), 4(b) and 4(c). An 
irregular type of amplitude distribution is shown in fig. 5(a), while a half-gaussian 
distribution is illustrated in fig. 5(b). The log-normal distribution of amplitude 
is shown in fig. 6(b) which corresponds to the actual amplitude distribution curve 
shown in fig. 6(a). 

The number of maxima in the fading pattern per minute has been calculated 
and is found to vary between 2 and 5 at normal working frequencies (2.5 — 5 
Mc/s), increasing almost linearly with the wave-frequency. Such linearity had 
been reported 'earlier by Skinner and Wright (1967). 
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The (^^-distribution has been obtained for the various types of ampUtude 
distributions. This distribution has been found to be Gaussian for the 
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Amplitude, r. 

(a) (b) (0) 

Fig. 4. (a) M-typo distribution (first order) on 4.2 Mc/s. Date : 8-7*66, time : 1635 1ST. 

(b) M-type distribution (first order) on 3.1 Mc/s. Date : 8-7-66, time : 1735 1ST. 

(c) M-type distribution (second order) on 3.1 Mc/s. Date : 8-7-66, time : 1735 1ST, 
(The amplitudes are in arbitrary units.) 
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Fig. 5. (a) Irregular-type distribution (first order) on 2.9 Mf/s* Date ; 3-1 2-66, time : 
0710 1ST. 

(b) Semi-Gaussian distribution (first order) on 2.5 Mc/h. Date ; 9-8-63, time : 
1830 1ST. 

(The amplitudes are in arbitrary units.) 


Fig. 6. 
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Log-normal distribution shown in (b) and the corresponding amplitude distribu- 
tion (first order) shown in (a) on 2.5 Mc/s. Date : 9-8-63, time : 1880 IST. . 

(The amplitudes are in arbitrary units.) 
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Rayleigh tjrpe of amplitude distribution. For the other types of amplitude- 
distributiou, the -distribution has been found to correspond to the Pearson type 
VII distribution. These are illustrated in figs. 7(a) and 7(b). The values of the 
rms line-of-sight velocity of the irregularities in the sporadic j?-region, as 
computed fi'om the ^^-distributions show|i in figs. 7(a) and 7(b) with the help of 
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Fig. 7. (a) Vt -difltributSon (Orst order) on 2,$ Mc/h. Date : 28-11.0.'5, time : 0215 1ST. 

(b) Vr -distribution (sec'oiid order) on 2.9 Mc/s. Date: 28-11-65, timo : 0215 1ST. 
(The amplitudes differonfos are in arbitrary units and t ^ 0.215 sec.) 


(9) have come out to bo 1.1 m/sec. and 8.6 m/sec. respectively. In computing 
^o, the average amplitude-difference Vr and the average amplitude f are expressed 
in the same arbitrary units. The data for determining i;o given below : 

/ = 2.9 Mc/s, A = 103.45 metres, r = 0.215 sec., 

= 0.7 and f = 37.4 for the first order echo (fig. 7a) 

Vr = 1.82 and f = 12.75 for the second order echo (fig. 7b) 

The interpretation of the double-peak amplitude distribution will bo discussed 
elsewhere. This is most likely associated with the double layer observed in the 
sporadic i?-region. 
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PRESSURE DEPENDENCE OF THE ELECTRICAL 
CONDUCTANCE OF PRESSED CASSITERITE 

POWDERS 
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University of nWbria, Nsukka. 
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ABSTRACiT . Prossuro dependence of electrical conductance of caBsiterito powder 
has been investigated at room temperature andiow compression, up to pressure of 90ifcgf/cm**. 
The conduotanco is found to increase with pressure exponentially according to the equation 

A exp [Kpta)^ A model based on elastic properties and surface charge layers of the 
grains is developed to qualitatively explain the results. 

INTRODUCTION 

Whilst a fairly large amount of work has been done on the pressure depen- 
dence of conductance of powdered metals, similar works on semiconducting powders 
have been somewhat limited. 

The pioneer work of Kantorovicz (1931) on metal powders shows that the 
electrical conductance 0 varies according to eqn (1) 

0 = ... ( 1 ) 

where pm is the pressure and and C, are constants depending on the elastic 
properties of the metal. 

Holm (1958) has given a theoretical basis of eqn (1) showing that on the basis 
of constriction resistances arising out of the narrow highly resistive points of con- 
tact of the grains through which the current flows, the conductivity of pressed 
metal powders satisfies eqn (2) 

(gL)‘+/(pJ ... (2) 

where H is the hardness factor and C and f{pm) are functions of the elastic 
properties of the material; ^ is a constant such that ordinarily < X < 1; for 
clean contact surface K is equal to 

The earliest works on pressure dependence of resistance of semiconducting 
powders were on aluminium oxide and zinc oxide by Davis (1950), and by Brenta- 
nnn ftn d Davis ( 1951 ) . They find that in a general way the conductance of powders 

* Pisaent addreaa— Defence Laborstoiy, Jodhpur. 
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increases with pressure. Bridgmann (1951) measured the resistance of semicon- 
ducting powders in the high compression range up to 60,000 kg/cm® hydrostatic 
pressure and finds that in the case of zinc oxide the resistance decreases with 
increasing pressure both at 25°G and 100°C docreasos with decrease of pressure 
at 200“C. 

The investigations of Davis were followed up by Brentanno and Gk>ldberg 
(1964). They applied unidirectional stress up to 38,000 Ib/in* over a range of 
temperatures and conrm the general findings of Davis. They, however, find 
that with pressure variation the conductance attains a maxima and for lower 
temperature the maxima is obtained at lower pressure. 



Fig. 1. Schematic Diagram of the CompresBor, 
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Works hitherto on the conductance of semiconducting powders had been 
confined in interest to high compression range. The present work is a study of 
what happens to a semiconducting powder when subjected to low compression* 

EXl'ERIMENTAL 

Electrical resistance of pressed cassiteritc powder at different undirectional 
pressure was measured in an ambient of air at room temperature. The apparatus 
used is shown in fig. 1. 

The powder is contained in a quartz tube mounted vertically on a brass cap 
containing the lower electrode E, Pressure is applied by means of a screw 
acting through the intermediary of a cali^i^ated spring 8 to the second electrode 
Z). Resistance was measured by conveiltional method. 

Readings of conductance were takea at an interval of 17.7 kgm/cm^ up to 
88.4kgm/cm^ during increase and decrease of pressure. 

RESULTS 

Measurements have been made on three samples 82 and 8 ^ of lengths 
3.37, 4.6, and 4.7 ems respectively and 2.83 sq. cm. cross sectional area. 

Pressure dependence of conductance is plotted as logarithm of conductance 
Vs pressure (fig. 2). The curve is linear and satisfies equation 

G A exp (Kpm) — (3) 

where G = Conductance and p = pressure at the electrode. 

A and K are constants which varies slightly from specimen to specimen 



Pressure 

Fig. 2. Preasure variation of conductance of casaiterite powder. 


INTERPRETATION* OF EXPERIMENTAL RESULTS 

Powdered materials consist of an agglomeration of grains with interstioM 
and grain boundaries. In the case of powdered metal the flow of current is 
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channelised only through microscopic contact spots which accounts for the high 
resistance of metal powders (Holm 1968). The contact areas may be fully or parti- 
ally conducting, in the latter case due to overlying multimoleoular gas films. With 
increased pressure the conducting contact areas enlarge, due to elastic or plastic 
deformations of the grains as well as due to the elimination of the disturbing films. 
The electrical conductance of metal powder is thus a function of pressure, as well 
as of the geometrical and mechanical properties of the grains and resistivity of 
the material. 

In semiconducting powders the above picture is modified due to the presence 
of surface charge on the grains (Hannay 1960). The individual crystallites are 
generally covered by a layer of charge at the surface. The electrical properties of 
the surface layers are significantly different from those of the interior. The 
surface layer may bo either the exhaustion or enriched type. In the former case, 
the surface has reduced conductivity than the bulk and in the latter case opposite. 
Under pressure, at the points of contacts of the grains, some quasi-sintering will 
take place as a result of which the grains will be inter-connected by necks, whose 
diameters are comparable with the depth of the space charge layer. The carrier 
concentration at the neck will bo different from that of the bulk. Consequently, 
the position of the Fermi level at and away from the neck will be different, thereby 
modifying the energy band structure. The conductance of the necks will be pre- 
dominant in the overall conductance of the samples. Pressure will change the 
nature and size of the interconnecting necks and hence change conductance of the 
sample. So far, it has been assumed that the interstices are perfect insulators. 
At high temperatures and if the materials have low work function the pores may 
also become conducting due to election gas present in the pores as a result of ther- 
mionic emission as has been observed in Barium oxide and Barium Strontium oxide 
by Loosjes and Vink (1949). 

We propose to explain the results of our investigations on the basis of the 
foregoing discussion. We assume that for our material, on account of investiga- 
tions at room temperature and low pressures neither pore conductance nor varia- 
tion of forbidden energy gap with pressure apply (Bridgmann 1961, 1963, Bardeen 
1949, Taylor 1960; Paul and Brooks 1964; Bretanno and Goldberg 1964). 

For powder samples, when a force F is applied on the electrode of cross sectional 
area Am, the pressure p on the particle contact area a is not the same as the pressure 
jPfli on the electrode. This is obviously on account of the interstices present in the 
bulk of the powder. The particle contact area a is the sum of the contact areas 
for any cross section of the powder and represents the average pressure over the 
particle cross sectional area a. Neither p nor a is measurable but they are related 
to the macroscopic measurable quantities and by eqn (4) 


( 4 ) 
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Following Holm (1958), the actual contact area increases with pressure up to 
a limit. The increase is large at low pressures and very small at high pressures. 
We assume that in the low pressure range, dajdpf,^ is constant in the first order. 

For the semiconductor specimen under consideration, we represent conduc- 
tance 0 by the following classical expression. 

<3' = G'exp ... (6) 

This expression is valid for ^ < < KT -whetk E is the conductivity activation 
energy. This is true for cassiterite since its conductivity activation energy is 
greater than 0.6 e.v. (Kohnke 1962, Mitujfc 1967). 0 depends on the physical 
parameters of the sample including the geometry of the interconnecting necks. 
From (6) 


L^G = L„0'- 


E 


... ( 6 ) 


We assume that O' and E are dependent on pressure only since the tempera- 
ture is constant and can be represented by (7) 


w - Pm 

From (6) and (7) 




1 dE \ 

2KT dp^ } 


... (7) 


... ( 8 ) 


Analysis of our data shows that Holm’s theory of constriction resistance for 
metal powder alone is inadequate to satisfy the experimental findings, which is 
understandable. Equation (8) agrees with eqn (3) if we assume that the expression 
within the bracket is a positive constant equal to K of eqn (3) where K is seen from 
the graph to vary slightly from specimen to specimen. Brentanno and Gk)ld- 
berg’s results are in the high compression range and at pressures above conduc- 
tance maxima, and hence beyond scope of comparison with our findings. In 
their range of pressure, logarithm of conductance decreases directly with pressure 
and the constant of proportionality is proportional to p^ and inversely proportional 
to the critical pressure at which bruising or cracking of particles occxirs. This 
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can be obtained from eqn (8) since at high pressure O' is constant and hence the 
first term within the bracket in eqn (8) vanishes. 

It has not been possible with our present knowledge of surface and bulk 
effects to untangle the contributions of the respective components of eqn (8). A 
good deal of expertise will however, be needed before that is possible. Work is 
in progress along the line and will be reported in due course. 
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A NOTE ON MECHANICAL RESPONSE IN A 
PIEZOELECTRIC CERAMIC TRANSDUCER UNDER 
THE INFLUENCE OF A BODY-FORCE 
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{Raxwed July 19, 1967; Reiybmitted Jmuary 6, 1968). 

ABSTRACT. The present note seeks ta investigate the mechanical responses in a 
piezoelectric transducer made up of a ceramic, ishen acted upon by a stop electrical voltage. 

INTRODUCTION 

In recent years, there has been a considerable amount of studies on the res- 
ponses in piezoelectric transducers from the standpoint of mechanics of continuous 
media, contrary to what has hitherto been followed by means of circuit-theory as 
in Mason (1948). The recent studies, which are of importance in ultrasonics 
and acoustics, seem to have been initiated by Redwood (1962), Fillipcyznaski 
(1956) and followed up by several authors, Sinha (1962, 1963, 1965, 1968), Girl 
(1966), Boy (1968), Das (1967) and others. In all these discussions, in which 
responses — both electrical and mechanical — have been studied in a piezoelectric 
transducer, when voltage or mechanical transients are applied only at one of its 
ends, the effect of a body-force on its responses has been kept out of consideration. 
Thus, what is attempted here is to accomodate a suitable body-force, dependent 
on time as well as dimension, in ascertaining the responses of a piezoelectric 
transducer. The mechanical response of such a transducer, subjected to a voltage 
step at one of its ends and rigidly backed at the other end, has been obtained by 
applying the method of Laplace transforms. 

DERIVATION OP THE FUNDAMENTAL EQUATIONS, 
BOUNDARY CONDITIONS 

We consider a transducer vibrating in the thickness mode of vibration. We 
take this thickness-direction to be the direction of the x-azis so that x — 0 and 
X = X may be taken as the extremities of the transducer. To the end x = 0, 
is applied a voltage transient V given by 

F = Fo when t > 0 
= 0 when # < 0. 

The end x = X is rigidly fixed so that the mechanical displacement £ at x = X 
is zero. As we seek the mechanical displacement ^ owing to the electrical voltage 
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given by (1), we most necessarily establish a relation between | and V. For 
this purpose, we take the usual constitutive relations for a piezoelectric ceramic 
as our starting point. These are given by 

T = c^J>-hD ... (2) 

E==-h^+^ ... (3) 

ox e 


where T is the stress, E is the electric intensity and D is the electric displacement 
in the x-direction. The constants c, k, e represent the elastic compliance, the 
piezoelectric constant and the dielectric permittivity, respectively. 

The equation of motion in the x-direction is given by 


P 


dt* 


dT 


dx 


-pX, 


... (4) 


where p is the density of the material and is the body-force. Taking to 
be given by 

Xi = ... (6) 

where H{t) is the Heaviside’s unit function and is a constant, we have from (4), 


P 


_ dT 
dx 


+ pH(t)e-*^ 


... ( 6 ) 


Because of (2), (6) becomes 


P 



ax» 


+pH(t)e-*=‘-h 


dx 


( 7 ) 


Next, in keeping with one simplifying assumption of Redwood (1961) namely, 
the wave propagation is plane in nature, we get 


dDy dDg 

dy dz 


= 0 


which means firom 


div.D = 0 


dx 


0 . 


• • • 


( 8 ) 
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Hence (7) becomes 

® ■0'+^ ^(Oe-*'. ... (9) 

Let f{p) be the Laplace tranafonu of /(<) ao that 

«0 

J{p) = J {p > 0). 

0 

Taking the Laplace transfonn of (9), we gat 

5*1 »* j e~** 

5** ^ ~ ••• (1®) 


where »* = A 

P 


Solving for we have 


p* 


j>a; 


I z= Ae'' V 4-JSc*> + «- 


1 


p{p^-^v^k^) 




( 11 ) 


whore A and B are constants. 

Setting, F = TYZ and Q = DYZ 

so that F is the force acting on an area of magnitude YZ normal to the a;-axis and 
Q is the electrical charge, we get from (2), using (11), 

when Zc==^pvYZ 

Integrating the equation (3) between a: = 0 and a; = JC, we have the voltage V 
across the transducer in the form given by 

r _ -»{({).-({w+^ ... (13) 

Co 


. eYZ 

where Cq = 

The equations (11), (12), (13) are the fundamental equations. The boundary 
are nothing but the conditions of continuity of the force and displace- 
ment at the extremities z — 0 and z = X. 
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SOLUTION OP THE PROBLEM 
4t a; ss 0, the boundary oonditiona yield 

B, “ -1+^+ 

pZ,B,.pZ.{-A+B- 

where Bi, Zi are the constants corresponding to B and Zg in the material attached 
to the transducer at a; = 0 and where Zg ~ pvYZ. 

Atz X, since the plate is rigidly fixed, we get 

(l)x = 0 

which gives from (11), 

Ae'^+B/^- + c-W = 0 ... (16) 


... (14) 
... (16) 


Since the voltage V given by (1) is applied at a; = 0, we have from (13), 


The equations (14), (16), (16), (17) can be solved determinantally to evaluate the 
four unknowns, viz., A, B, B^, Q For this purpose, we may write the above fom 
equations as follows ; 


A-^-B—B^-^-O-Q = 


p(p*— »*jfc*) 


Zg.A-Zg.B+Z,B^+h. 


e-^r ,A + e^. B-\-O.Bj^^O.Q 


1 g-tX 


p(p*— »*i*) 


( 18 ) 


h.A+h.B+O.Bi+-.Q T-i-^sr 

Co p p(p*— v*e*) 


Solving for A and B, we get 


JjL- 

* ] 

P 
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IKP* — vWj 


-1- e-kjr g** I 

c^(p*—v*k*) p{p*-~v*k*) ■ Co J 


S bs-L f c-*^ h 4 ^0 __ c ^ \ 

A L pc^{p*—v*k*) \ p p(p*— »*Jk*) J 


I he , • e_ '• 

pHp*-^0) • “co' 


+ 


-i>;r 
« - I 


pCo(p*— C q 


where A = — c“ 


^ I1&. ( i_* .-¥) _1 %-?l) ( i-.-¥ )1 

L Cq \ Cq / ^0 ^ ^ J 


Substituting these values of A and £ in (11) and taking its inverse transform, we 
get the mechanical displacement. In particular, the displacement of the end 
X — 0, may be obtained. For, from (11) 


(J)o - A+B+ 


p(p^—v^k*) 


Therefore, from (19) and (20), 


(l)o = 


1 r f^o_ 

ZA L' 


3Z,_^\ 

' f 


p{p^—v^k^) Cq 


+— A__. 

^oro»-v*jfc*) Co J \ ^ / 


f 2h* tx 2Zie-*^ 

\ pcQ{p^—v^k^) 


e-*x 2 Z,cj:^ \ 

DC„(o*— »*!:•) J 


I / 

1 3 »*c,(p*— ' 


1— e • 


-S? L 


r. £? -**= V 

X [l-V"* -rje • ] 
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where 


3Z,-Zi ’ " 3Z,-Zi 


[pX 2pX T -1 

1— r^e" fje" « binomially, as in Redwood (1961) and 

substitute first few of its terms in (21) and consequently we get on the right of (21) 

px 

an expression arranged in increasing powers of e~ *' . Considering only the first 
term of the expansion, we get 


Uo ^0 


iVo h Zj I 

P pip^—i^k^) p(p®— r®i®) Cq 




■ Zf.vk 


I l+r„e 


p(p‘—v^k^) 


where 


3Z,-Z, ’ 


Zi-Z, 

3Z/-Zi 


Therefore, 


1 \kVt^ h . (pZi+Zc.vk) \ 

l3Ze_Zy\ \p p{p^—v^k^) p*Cff{p*—v^k^) ) 

\ Za Z~ I 


V?. 

X(l+»‘oe'’ ' 


' + L 

p{p*—\ 


T3Z, zr\{ 


0 "0 


AFo , Zg. vk 


7®^— P ’ P*(p*-v®A*) 

\Z^ Zj \Zo Zj 


Jfj/L p 

, AFor® e ~ « {Zir^—h) 1 c“ » 

P /3Z7_Zi\-(p»-r«A*)- p 

zJ %,} 


, Zt,j}h 

» Iti/T “ / t " 


/3Z;_Zi\co :'|>(p»~fW) • p . ' 

U, .. 
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Inrertiiiig we get 


L/3Z,_^\Co^ 2«2/b* ^ 

' ^0 ^0 ' 


yor? 


Zi\ \<^ ■ 

Uo z„/ lz„ zj 


sin 0 < ^ <- 


= I (^ 1 

L V 

Uo iJo/ 


I 2 

_iZ/i \Cq ‘ 




+ /3z;:z;t+ p-^fzn^ • '’*‘> 

rzo zj \Zo zj 


I ^^0^0 I (^1 ^0 ^) 1 (pVht\fi^vkt o\ 

+ /3Z,_Z~ \ + 2 V ‘ ^ ^ 

iz, ZJ \z: Tj 



2X 

V 


The foregoing results bring out the effect that the body-force, (which is zero when 
oo), has on the mechanical response of the transducer. The above results 
are in accordance with those of Redwood (1961) in the absence of the body-force. 
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LOW-ANGLE X-RAY MEASUREMENTS ON AIR-DRIED 
AND ALKALI-TREATED MACROMOLECULAR 
SYSTEMS-WOOL 

T. RATHO AND B. C. PANDA 
Beoional ENaoraBBiNa Collbqe, B0UBKX1.A, Orissa, India. 

(Received January 1, 106S). 

Precision measurements on alkali-treated Merino wool belonging to the macro- 
molecular system have been made using the Low-angle Kratky (1968) camera 
of the latest design fitted with a crystal monochromator after Johansson (1933)- 
Guinier(1946). Thowavelengthusedwasl.64A,C!uK, radiation. The determina- 
nation of parameters like the radius of gyration of cross section and the radius of 
gjrration of thickness are made by the Guinier (1937) procedure. Such parameters 
on cellulose fibres have been reported much earlier by Heyn (1949) and others. 

Merino wool was treated with a Sodium hydroxide solution of pH-10 for 
40 days. The scattering curve of this sample is shown with that of the air-dried 

one in the figure, where / is the smeared-out intensity and a; is a function of the 
scattering angle d : 

X s 2ap9 

a being the sample-film distance,, p the transformation factor related to the micro- 
photometer curve i.e. the ratio of the distance in the microphotometer record 
to the actual distance in the photographic film, and x is the distance measured along 
the microphotometer record. The method of obtaining'the intensity curves is the 
same as that reported by one of us (Batho, 1964), except that a monochromator 
is used here. We have here adopted the same method for evaluation of parameters 
as reported earlier by us (Batho tt oi, 1965). 
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From the study of the two scattering curves it appears that there is a consider- 
able fall of intensity in the innermost region in the alkali-treated sample which is 
probably due to the splitting up of large sized particles into smaller ones after 
long treatment with alkali. 



0 4 8 

X (in om) ► 


One can easily obtain the radius of gyration of cross section {Sg) and the radius 

of gyration of thickness (Jij) for the particles from the log Iz vrs a:® and log 
vrs ** curves according to Guinier approximation. The air-fraction as well 

as the specific surface (OjV) of the particles have been calculated and the results 
tabulated below : 


Samples 


Re (A) 

OjV 

Air- 

fraction 

(A) 

Bat 

Ree 

(A-) 

Merino Air-dried 

96.09 

8f>.53 

43.37 

2.082x10-* 

0.7018% 

Merino treated with pH-10 
HaOH solution for 40 days 

83.07 

70.49 

38.24 

4.487x10"“ 

0.1654% 


Although there is considerable fall of intensity in the low-angle regions for 
the alkali-treated sample due to fragmentation of larger particles to smaller ones 
as evidenced from Bq values, the shape of the scattering curves remain unchanged 
as they should have been (Kratky et cU, 1942; Janeschitz-Kriegl et al, 1963.) 
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MATRIX ELEMENTS INCORPORATING MOMENTUM 

TRANSFER 

G. CHATTERJEE, D. M. BHATTACHARYA and N. 0. SIL 

DeFjlbtmbnt of Theohbtical Physics, Ihdiak Associatiok fob thb 
Coltivatioh of Scikhoe, Calcutta .32 India 
{Rtct/ived January 30, 1968) 

The theoretical calculations on electron capture phenomena in ion-atom 
collision at high energies, should include the translatory motion (momentum trans 
fer) of the electron attached either with the target or the projectile ion. Different 
authors viz. McCarroll, (1961) and Wilctscf al, (1966) took recourse to approxi- 
mate numerical analysis to evaluate the matrix elements < | F|^4'*"B>and 

<^"a* oocuring as coefficients in the sot of differential equations to be solved 

cf. Basu et al (1967). But the difficulty is to call for the subroutine of the intergals 
at every step in the process of the solution of the differential equation (see Runge — 
Kutta Method). Cheshire (1967) has formulated a method in which the time 
derivatives of the said matrix elements can be found out analytically. He has 
pointed out how to calculate the matrix elements for 28 and 2p states. We 
had also pursued the problem with a straight forward alternative derivation and 
obtained results identical with those of Cheshire. Further the results have been 
utilised in calculating some of the matrix elements in alpha-hydrogen atom collision 
and proton-hydrogen atom collisions. 

We write the hydrogenic wave functions (unnormalised) around two moving 
nuclei A and B as 

^AfB = exp^ — Aa,jb>'+* Va>b • r — ^ 4 -Aaj*j9 t ]• 

where rs*TB>r refer to the position vectors of the electron from nuclei A, B ot 
any arbitrary origin 0, and V^, V b the velocities of A and B. We note that 

TAiBt — r—VA>B t—SA,B 
v^Vb-Vb 
r = VI+Sa-Sb- 
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We start with basic integral / = f dv 

J fAra 

By using Fourier transform integral (rf e^^~fR and writing in terms of r, 
we get 

/ = ^-|^-exp [-i - 1 (V»A-Vh-»A+^*B)] X 

I exp li{p+Q—V) ■ r—ip. {Va <+Sb)— t<ji. (Va<H-SB)]X 

Now by using the Dirao ^-function, wo have 

/=|-exp [^MV-FB»-A^»+Ai,*)]x 

I exp[*Q . ( V'^+S^— Sb)J exp [— i V . ( K^i+Sj*)] X 

2,.K-P-A^*+Ab*[ !q-V1*W “ 

Taking time-derivative of I, the factor (2 <ji.V—F®—Aj1®4-Ab*] cancels and 

using the relation f d®p = ® , we get finally = K{F—0), 

where A' — ^ exp e^)< j 

F = exp[ - i F*t-Aj,A--iK.S^] 

0 — exp ^ I F®t— A^i?— iVtSaj* 


Thus / * -i J K{F- 0 )dt. 

Differentiating / with respect to and Aj^ several times -we can evaluate the 
general integrals of the type 

rA*rBS>A*^Biv = [-UXa- ) ( ♦‘Aj,- J I 
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If the general integrals involve 6 and </> dependent wave functions in other 
than 5-states, then we need to differentiate with respect to x, y or z component of 
Sa and Sj 5 as necessary, in addition to the differentiations with respect to 
and Aj?. 

Let us apply this technique in the calculation of the capture probabilities in 
the excited states of He'^ ion in a-partiole-hydrogen atom collision. The matrix 
elements to be calculated by this method are 

= f t'n dv. 0^, = j (-^+1) r}r'n dv 

where is the wave function of H atom and that of ion. 

Considering only the ground state of hydrogen atom the expressions for 
Qin and Oin are as following : 

Taking Z = ^ exp [-21?+-* (3-F*)?] 
and r = ^exp[-l?+i(3+F2)?], 

gfjj = 2V2 _2it2 J (jf- Y)dt+4it J t(X- Y)dt-2i f tHX-Y)dt-2t f BYdt 

+2 f tBYdt-t I BXdt+ J tBXdt j 

(?n = [ 2 J HTdt- J i?Zd<] 

Taking Jlf = ^ exp f -B- i VH j and 1^ - ^ exp [ -B+ * VH j , 

== i [_<* j (j|f-jvr)d«+3<a J J tHM-N)dt+ f t^(M-N)dt 

-2t f BNdt+2 1 tBNdt-t f BMdt+ f tBMdt- f tB^Mdt+t J J?W*] 

-2t J tBNdt+ J fiBNdt^2t» f BMdt-4t J tBMdt+2 j «*l?lfd< j 
Gi„ f BNdi- J t +-| [ f { Ndt+t | tNdt-^ J fNdt 

- J J BMdt-[-^^ J Mdt-t J tMdt+^ «»if(ft+i J IPMdt j 
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“ vl*" f {h+») J (y+^) 

I (_^+j2)W-W- j (^+^,y(M-N)dt-2U^ ^tMdt 

— 4i«2 I tNdt+4it I t*Jfdt+5i< | t^Ndt—2i | t^Mdt—2i j fiNdt 
+t<* I Ndt—fi I BNdt+2l I tBNdt-4 1 tRMdt-\- 1 fiBMdt— j J 

-ii f ( J-+ ^^y(M-N)dt-2t J tNdt-^» f mdt+^fi f Ndt 
-i J tBNdt-l J tBMdt+it J BNdt]^ 

»u =f- [ «■ f (i +i f (|.+ i 

+3« f f (^^+^^y^{M-N)dt-2U^^ Mdt-a^ f 

4-4*Y j* tMdt-\-2it I tNdt—2i t^Mdt—i | t^Ndt—t^ BMdt -{- 1 tRMdt j 

-J t f -{■^t^(M-N)dt-t [ mt+ f j BMdt^ 

fflb ^ 

The authors are thankful to Prof. D. Basu for his kind interest in this problem. 
One of the authors (N.C.S) gratefully acknowledges the helpful discussion with 
Dr. Cheshire, during the Fifth International Conference of Electronic and 
Atomic Collisions, Leningrad (1967). 
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A NOTE ON 222 KeV GAMMA-RAY TRANSITION IN 
THE DECAY OF Ba 

P. C. MANGAL AND P. N. TREHAN 

Dsfabtmient of Physics, Panjab Univbbsity, 

Chandioabh-14. 

(Received August 1, 1967). 

The electron capture decay of Ba^*® has been investigated by a number of 
workers, Crasemann (1967) Fagg (1958) Gupta (1958) Stewart (1960) Ramaswamy 
(1960) Mann (1963) and Thun (1966). Most of these authors are in accord con- 
cerning the existence of all the gamma-ray transitions, shown in fig. 1, except the 
one of energy 222 KeV. This gamma-ray transition was originally observed by 
Steward and Lu (1960) but could not latter on be detected by Ramaswamy (1960) 



Fig. 1. Decay Scheme of Ba'’-'* 

and Mann (1963). The relative intensity of this gamma-ray has been estimated 
by Steward and Lu (1960) to be 0.3% as compared to 366 KeV gamma-ray. 
Because of the weak intensity of this gamma-ray it could not be possible to con- 
firm the existence of this gamma-ray and make any measurement on it by ordinary 
single or coincidence scintillation spectrometer or even with solid state detectors. 
In this prsent study a high efficiency sum-peak coincidence spectrometer of Kantele 
(1962) has been employed and it has been possible to confirm the existence of 222 
KeV gamma-ray transition and to measure its relative intensity. 


• This work has been supported by National Bureau of Standard Washington, D.C., 


U.8.A. 
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MecmtremerU and Reavlts 

The high efficiency sum-peak coincidence spectrometer has been described 
in detail elsewhere by Kantele (1962). Two Nal(Tl) detectors were placed 

at 90° to each other and a compton shield was put in between them at 45° to avoid 
crystal-to-crystal scattering. The data was recorded on a 256 channel RCL 
analyser. The effective resolving time of th^e fast coincidence circuit was 100 n-secs. 
The integral biases were set at about 140 KeV on each side to completely bias out 
80 and 82 KeV gamma-rays. The sum-piak coincidence spectrum was thus run 
for 10 hours. The random coincidences yere also run for the same period by 
introducing a delay of 500 n-secs in one of the fast channels. After substracting 
the random coincidence contribution the sijfln-peak coincidence spectrum is sho^vn 
in fig. 2. This final spectrum predomineittly shows two peaks one at 445 KeV 
which arises because of the summing of 162 and 276 KeV gamma-rays and the 



Fig. 2. Sum Peak (ioinf'idenco spoctrum of taken with integral bias settings of 140 KeV. 

second peak at 400 KeV is interpreted as the sum of 222 and 162 KeV gamma-rays 
cascade present in the decay of In both cases the sum peak energies are 

higher than the actual sum by the expected amount (Kantele ai, 1961). It is, 
therefore, concluded that there is 222 KeV gamma-ray present in the decay of 
Bai55 and since this gamma-ray is in coincidence with 162 KeV gamma-ray, 
therefore it originates from 384 KeV level and leads to 162 KeV level. 

The relative intensity of this gamma-ray comes out to be 10.3% as compared 
to 162 KeV gamma-ray. The relative intensity of 162 KeV gamma-ray has been 
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measured by Mangal et al, to be 2.8% as compared to 366 KeV gamma-ray. There- 
fore, the relative intensity of 222 KeV gamma-ray relative to 366 gamma-ray 
comes out to be 0.28 iO.OS. The error includes the summing effect of the K-x ray 
which is in coincidence with all the gamma-ray transmitions because of the elec- 
tron capture decay of Ba^*®. 
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THERMOELECTRIC POWER OF TUNGSTENITE (WS,) 
SINGLE CRYSTALS 

S. R. GUHA THAKURTA 

Department op Magnetism, Indian Association for the ( Uu..tivation of Science, 

CALCtrTTA-32, India 
(Received January 26, 1968) 

Thermoelectric power of naturally occuring single crystals (hexagonal) of 
tungstenite (WS,) have been measured against copper along both the crystallo- 
graphic directions and over the temperature range 300°K to 820'’K. The results 
of preliminary measurements are shown in table 1 and in figures 1 and 2. 

It is observed from the table I, that at the vicinity of room temperature the thermo- 
electric powers of crystals 1 and 3 are positive in both the crystallographic direc- 
tions while that of crystal 2 is negative in these directions. The magnitude of 
thermoelectric power at room temperature which varies from sample to sample 
(evidently due to differences in the impurity contents which however has not been 
analysed) has been found to be slightly different in different orystallographio direc- 
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Table I 

T'hermoelectric power in WSg crystals along both the crystallographic 
directions at an ambient temperature 312®K (temperature gradient 

within 2°C to 3^C) 


Activation energy along Activation energy j_r 

the O-axis to O-axis 


Crystal 

the c-axis in 

within tho 
range 

300°~400^K. 

within 

range 

400 °~ 82 (rK. 

L.O.p. LO 

c^axis in 
fivrc 

within tho 
range 

300”-400^K. 

within tho 
range 
400°-820^I5 

1. 

f 4.0 

0.6 ov 

0.6 

+ 16.0 

0 . .5 ev^ 

0.47 ev 

2, 

-36,6 

0 . 1 9 ev 

0.33 aw 

-^33.6 

0.28 ev 

0 . 32 ev 

3. 

+ 4.7 

0 . 34 ev 

0.47 ev 

+ 5.0 

0.37 ev 

0.46 ov 

4. 

+ 3.4 

0 . SO ev 

0.44 ev 

— 

— 

— 


tions. At higher temperatures (fig. 1 and fig. 2) the t.e.p. of crystals having posi- 
tive sign at room temperature remains always positive throughout the range 
of temperature studied. But in case of crystals with negative thermoelectric 


Fig. 1. 



100 ^00 900 

Ambient Temperature in ®K — — > 

Variation of thermoeleotrio power (along o-aada) with temperature. 
The number on the curve indicates the serial number of the crystal. 
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power at room temperature, the sign changes from negative to positive with the 
rise of temperature, and retains this positive sign at higher temperaures. Pre- 
liminary measurements of Hall effect with single crystals of WSg also appear to 
corroborate the above findings. 



100 600 900 

Amhinnt Temperature in "K 


Fig. 2. Variation of tlieRaoeleotrio power ( i r to o-axis) with temperature. 
The number on the curve indicates the serial number of the crystsd. 


It may be mentioned here that Lagrenaudie (1954) from Hall effect measure- 
ments (within the temperature range 293'’K) with powered (artificial) WSg 

(activation energy 0.04 ev, 0.11 ev, 0.18 ev), observed that it was a p-type semicon- 
ductor, while Jean Decrue (1956) from electrical conductivity measurements in 
different atomspheres showed that powered (artificial) WSg (activitation energy 
0.17 ev) was a «-type semiconductor, within the temperature range 297‘*K— 373°K. 

The Author conveys his best thanks to Shri A. K. Dutta for suggestion and 
guidance and to Prof. A. Bose for his kind interest in the work. 
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38 


TEMPERATURE VARIATION OF MAGNETIC SUSCEPTIBILITY 
OF MOLYBDENITE SINGLE CRYSTAL 

D. PAUL (aee DAS) 

DBrABTlCKNV O* HAaKETlSM 

Ikoian Association fob thi| Cviaxvation of Scibnob 
Caloi7Tta42, India 

{Received F^ruairy, 21, 1968) 

The magnetic properties (anisotropy and absolute susceptibility) of molyb* 
denite oiystals at different temperatures Were studied in this laboratory by Dutta 
(1945). But the measurements of susceptibility at high temperatures being done 
in air with quartz fibre torsion balance (Bose, 1947) utilising vertical gradient of 
the magnetic field were very much disturbed by convection currents. The results 
were therefore not very reliable. In consequence the susceptibility, (for direc- 
tions in the basal plane) at different temperatures has been measured afresh in 
vacuum utilising very sensitive and accurate method of measurement (Das 1963). 
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Figtm 1. Temperature variation of anisotropy (AX « and suseeptibility (Xi ) of 

molybdenite. 
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Besolts of these measarements as well as those of fresh mecusurem^ts of aoiso* 
tropy are shown in the adjoining figure wherein the results of earlier measarements 
by Dutta (1946) are also represented for the sake of comparison. It is seen from 
the figure that though the temperature variation of anisotorpy has remained 
practically of the same nature in both the measurements yet that of susceptibility 
has undergone much change. In earlier measurements Xx continuously decreased 
with the rise of temperature whereas in the present measurements it first decreased 
with the rise of temperature (within the range 90°A^— 260®K) then increased 
with further rise of temperature. This high temperature behaviour of Xx c®«e 
of molybdenite, a semiconductor, is evidently to be attributed to the increase of 
carrier concentration with the rise of temperature. Earlier interpretation of the 
results are therefore no longer tenable and the new results are to be interpreted 
in a different way. Investigation in this line are in progress and the results will 
be published in due course. 

The author wishes to express her sincere thanks to Shri A. K. Dutta for sug- 
gestion and guidance and to Prof. A. Bose for his kind interest in the work. 
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Space geoup op 0-bbnzotl besioio acid 
M. L. Kondu and S. C. Chi^avorty 
Department of Physics, Burdwan University, Burdwan, West Bengal, India 
Vol. 41, No. 7, P.648, Last Wo lines 
The authors now reports that the experimental intensity distribution curves 
are actually centric, not hypercentric. ^ wrong scale factor was introduced in 
the calculation in averttently while putting the intcnsties of X-ray reflections to 
the same scale by the multiple film technique. The recalculated values of Wilson’s 
ratio both for oM and hoi reflections is 0.59. 


Cosmic Ray stars in Photographic Emulsion at high Altitude 

S. R. Ganguly, S. K. Mondal and S. D. Chatterjee 
Department of Physios, Jadavpur University, Calcutta-32 

Vol. 41, No 7, P. 476. Last line of the figure caption : 

Read (b) for (a) 
and (a) for (b) 

An Improvement in the Technique of Time Measurement 
B. N. Biswas and G. Dutta 

Physics Department, Burdwan University, Burdwan, West Bengal 
Vol. 41, No 7, Page 646-6. 

The diivgrn,TnH have interchanged their locations with the figure numbers 
remaining in their correct positions. 



